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PLUTONIUM PROCESSING AT THE 

LOS ALAMOS SCIENTIFIC LABORATORY 

By 
Eldon L. Christensen and William J. Maraman 

ABSTRACT 

Plutonium-bearing residues created in the many research and develop
ment programs at the Los Alamos Scientific Laboratory are extremely varied 
in type of contaminant as well as in the nature of residue. The recovery and 
purification of the plutonium in these residues requires, therefore, the use of 
a number of processes. This report discusses the equipment and procedures for 
plutonium recovery ranging from the ethel' extraction and acetate precipitation 
used in 1 943 to the anion-exchange systems now used. 

INTRODUCTION 

The plutonium purification group at Los Alamos 
was created within the Chemistry Division in 
May 1 943 when the division was assigned the job 
of purifying the plutonium received from other 
laboratoriesY· 2. 3) From May 1 943 to March 1 944 
this group studied the chemistry of plutonium on 
the microgram scale. Not until February 1 944, 
when the first material was received from the 
Clinton pile, was enough plutonium available to 
enable the group to work on the gram scale. o. 2) 

By March 1 944 the research had led to the 
adoption of a purification process based on sodium 
plutonyl acetate precipitation and ethyl ether ex
traction. This process was used until the purifica
tion and recovery operations were transferred to 
DP Site West. 

Research programs since then have led to the 
adoption of procedures for all phases of plutonium 

recovery and purification. This report discusses 
the development work since 1 943 and application 
of the many procedures required to recover and 
purify the plutonium contained in the residues 
generated by the research. process development. 
and production activities of the Los Alamos 
Scientific Laboratory. 

The discussion is divided into chapters on 
historical background. general plant facilities and 
standards, and each of the recovery and purifica
t ion methods. The equipment and procedures now 
used are discussed in detail, with only brief refer
ences to superseded processes and equipment. 

The experimental work which led to the se
lection of specific operating conditions is not dis
cussed if the experimental program has been de
scribed in other LASL reports and documen Is 
given as references. 

1 



Chapter 1. 
Research on methods for the purification of 

plutonium by the Chemistry Division was started 
in May 1 943. (2) This research led to the adoption. 
in March 1 944, of a purification procedure in
volving two sodium plutonyl acetate precipitations 
and two ethyl ether extractions; (3) the process did 
not, however. separate uranium from plutonium. 
This separation problem became serious when the 
plutonium had to be recovered from the uranium 
sulfide crucibles used by the metallurgical 
group. (2) 

Research showed that preCIpItation of pluto
nium trioxalate would give a satisfactory separa
tion from uranium if the reduction of plutonium 
was accomplished with RI. (1) The combination of 
this oxalate precipitation with a sodium plutonyl 
acetate precipitation and an ethyl ether extraction 
became known as Process "A". The steps in this 
process are shown in the flow sheet given in Fig. 
1 .  This process was the basis for the design and 
construction of new production facilities at what is 
now called DP Site West. (4) 

The potential loss of plutonium in purifica
tion by Process "A" led to the establishment of a 
recovery and concentration section. By September 
1 944 this section had developed several methods 
for the recovery and concentration of plutonium 
from purification residues so that the plutonium 
could be recycled. (5. 6. 7) The flow sheet for the 
recovery operations is shown in Fig. 2. 

By the time purification and recovery opera
tions were transferred to DP Site West in Septem
ber 1 945. the tolerances for light-element im
purities in plutonium metal were relaxed and the 

HISTORY 

chemistry of plutonium was well enough under
stood so that a new Process "B" could be adopted. 
This process differed from Process "A" in that the 
first oxalate precipitation and the sodium plutonyl 
acetate precipitation were eliminated. (2,8) The 
flow sheet for Process "B" is shown in Fig. 3 .  
When the purity of the incoming material was 
again increased it was found that only a single oxa
late precipitation was required to attain the de
sired purity in the plutonium metal. (1. 2.8) This 
precipitation was called Process "e". the flow 
sheet for which is shown in Fig. 4. 

During the development of the purification 
chemistry, the need for recovery of plutonium 
from purification residues became greater and, as 
the metallurgical and chemical research programs 
expanded. more complicated. The flow sheet in 
Fig. 5 shows the major residue items and recovery 
methods used through December 1 959. 

The major types of residues currently reo 
ceived and processed. with methods now used for 
plutonium recovery and purification, are shown 
in Fig. 6. The product is a purified plutonium ni
trate ·solution that is compatible with the processes 
used in the preparation of plutonium metal. 

As shown in Figs. 5 and 6, many of the 
processes or operations are merely steps in pre
paring the feed for one of the purification systems. 
For example, the plutonium is currently removed 
from noncombustibles in the pickling operation 
with an RNO" leach. The RNO:l leach solution is 
the product of this operation and is sent to one 
of the nitrate anion-exchange systems for concen
tration and purification. 
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Chapter 2. GENERAL PLANT FACILITIES AND STANDARDS 

2. 1 Location of Facil ities 

The purification of plutonium solutions and 
the recovery of plutonium from purification resi
dues was carried out in D Building in the original 
technical area from February 1944 to August 1945. 
At that time facilities were completed a t  DP Site 
VVest. a few miles from the original technical 
area. for processing large quantities of plutonium 
on a routine basis . The arrangement of buildings 
is shown in Fig. 7. The ether extraction facilities 
were in Building 2. oxalate precipitation in Build-
1, dry chemistry for conversion of oxalate to 
fluoride in Building 4, and reduction of fluoride 
to metal and casting and machining of metal in 
Building 5. 

Research and development efforts. along with 
engineering improvements, led to the consolidation 
of the plutonium recovery and purification pru
cesses in Building 2. The location of each recovery 
and purification process currently used is shown 
in Fig. 8. 

2.2 Glove Box Design 

During the first years of operation of the re
covery section at Los Alamos. much of the plu-

[)o o 
14 

tonium work was done in open-face hoods. The ap
paratus shown in Fig. 9, for example, was used for 
the ethyl ether extraction of plutonium. (2) In 1945 
it was felt that the variety of residues necessitated 
the use of open hoods for flexibility of operation 
and that the operators could be protected by 
special clothing and various types of respiratory 
equipment .  (9. 10) By 1946, 9 of 15 workers in the 
recovery section had shown urine counts ot 
> 7d/min per 24-hr sample. (11) On this evidence i t  
was decided t o  rely on equipment i n  glove boxes 
rather than seek perfect respirator protection for 
the workers. (4. 12) Therefore, glove boxes were de
signed and built to provide an isolated enclosure 
for each of the processes used in working with 
plutonium. The glove boxes shown in Fig. 10, for 
example. were used for the filtration of plutonium 
hydroxide. The recovery of plutonium from low
level waste solutions or reduction residues was 
performed in tank systems, an example of which is 
shown in Fig. 1 1 .  The dissolution of slag and cru
cible from metal reduction was carried out in the 
vessel shown at the extreme left of the picture. 
Hydroxide and oxalate precipitations were made in 
the large dry box shown at the far right. 

Glove box design changed from year to year 
in an attempt to create a more spacious yet con-

BUI L DI N G S  

I. OFFICES 8 CH A N G E  ROOMS 
2 ETH E R  EXT RACTIO N 
3. OXA L AT E  P R ECI PI TATIO N 
4. FLUO R I N AT IO N OF OXA L AT E  
5. METAL P R E PA R ATIO N 8 FAB RICATIO N 

6-21. PLANT S E R VIC E S  
22. R ES E ARCH 8 D E V E LO PM E N T  

::::::::::::::: 7 ::::::::======::::::::.-_-
Fig. 7. General layout of DP Site West. 
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Fig. 8. Recovery facilities at DP Site West. 

venient working enclosure and had, by 1 954, 
changed to the style shown in Fig. 1 2. These were 
constructed of standard sections which could be 
arranged in any desired configuration of mod
ules. (13) 

In wet chemistry areas, it ,"vas difficult to 
maintain the integrity of the gasket at each floor 
joint and external surfaces were difficult to de
contaminate in the event of a radioactive spill. (H) 

These factors led to the design shown in Figs. 1 3  
and 14. The design remains basically the same 
for all applications but may be easily modified for 
special applications. The self-locking weather 
s tri.p window gasket gave such a tight seal that 
the same window installation could be used on 
inert atmosphere enclosures. (15) 

Constant air flow is maintained in the glove 
boxes by drawing room air through absolute filters 
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at the rate of 16 dm for each 2.5 f f1 of glov � box 
space. The air is exhausted through absolute filters 
to the plant process ventilation system. A pressure 
differential of 0.4 to 0 .8 in. of water is maintaine d 
between glove box atmosphere and room atmos
phere to provi de an inward flow of a ir if a leak 
occurs. 

The low ambient humidity at Los Alamos 
made it unnecessary to provide an inert atmo s
phere throughout the plant. A few glove boxes. 
such as the one used for processing pluton i
um hydride, were designed so that an inert at
mosphere of helium could be provided . In addition. 
the compartments of the glove boxes used for 
weighing and dissolving plutoni um metal an d 
oxide are equipped with heli um lines. In t llf' 
weighing compartments, the helium line is con
nected to the top of a bell jar so that, in the event 
of a plutonium fire. the bell jar can be placed 
over the burning mass and thus quickly provid f' 
an inert atmosphere. In the dissolving compa r l
ments, the helium lines provide a gas flow 10 
sparge the solution and at the same time provide 
an inert atmosphere in the dissolving vessel. 
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Fig. 10. Glove boxes for filtration of plutonium hydroxide. 



Fig. 12. Typical glove box construction during 1954-1959. 

11  



Fig. 13. Typical glove hoxes in present plant. 

Each air exhaust line on the glove box is 
equipped with a fire detector. Neither the glove 
boxes nor the processing and storage rooms are 
equipped with automatic sprinkler systems be
cause of criticality and contamination considera
tions. 

2.3 Nuclea r Safety Control 

During the early years of operation, the nu
clear safety program was based solely upon ad
ministrative control of batch sizes. The need for 
controls other than administrative becomes more 
acute when the chemical process being used de
posits small amounts of plutonium on equipment 
surfaces at an irregular rate. Such deposits can 
be periodically removed, but inherent in this ap
proach is the possibility that solids containing large 
amounts of plutonium can form a critical mass 
when removed and collected. 

It was just such a situation that led to a CrIt l
cality incident at Los Alamos in 1 959. (16) The hy
drolysis products of tri-n-butyl phosphate (mo�o
and dibutyl phosphate) have a great affinity for 
plutonium and tend to precipitate from acid solu
tions. Being gummy in nature, the hydrolysis 
products tend to cling to the walls of the process 
vessels. The operating procedure for this system 
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called for filtration of all plutonium-bearing solu
tions before combining them with other solutions 
for processing. Thus the solids, containing an un
known quantity of plutonium, would be removed 
in safe-geometry equipment. However, the solids 
were allowed to come in contact with fresh kero
sene where they were dissolved, bringing the or
ganic phase to a plutonium concentration of 20.4 
g/liter. several orders of magnitude higher than 
expected. This layer was subcritical wh�n undis
turbed but became critical when the layer was de
formed by activation of the stirrer in the tank. 

Prior to the incident, the decision had been 
made to convert to geometrically favorable equip
ment for nuclear safety control. Design and test
ing of new equipment which had been started was 
accelerated after the criticality incident. The 
operation of the crucible dissolvers and the sol
vent extraction columns was discontinued pend
ing the completion of design, fabrication, testing. 
and installation of the new equipment. 

All equipment has now been replaced with 
geometrically favorable equipment or has been 
poisoned by the addition of high boron-content 
glass Raschig rings. Since the new equipment is 
not ever-safe but only geometrically favorable, 
procedural control must still be employed as part 



of the nuclear safety program.  

Gamma-sensing elements have been installed 
throughout the plant to detect and warn of any 
significant increase in the radiation background 
level . (17) The warning is given automatically by 
the sounding of electric horns which can be trig
gered only by coincident alarm signals from two 
sensing devices. This coincident connection re
duces the probability of false alarms due either 
to equipment failure Or to radiation sources being 
brought within detection distance of one sensing 
head. Individual process equipment items and 
safety factors involved are discussed in Chapter 3 .  

000°000 
, 
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2.4 Conta m i nation Control 

The retention of plutonium in the body may 
produce bone diseases ( including cancer) many 
years later. (18) Because the primary mode of entry 
of plutonium into the body is by inhalation, the 
process equipment and rooms have been designed 
to minimize the release and spread of airborne 
contamination. The processing of plutonium is 
done inside glove boxes already discussed. 

At Los Alamos, the room air is sampled by 
continuous samplers operating on a 1 0-min cycle 
and by a central vacuum system pulling room air 
through filter papers, located in 10 to 20 stations. 
which are counted the following day in fixed 
counters. The continuous samplers respond only 
to airborne activity that is more than 1 00 times 
the maximum permissible concentration of 4.0 dl 
min/m3. The continuous air samplers are relied 
upon to give an alarm only in the event of an 
accidental release of a large amount of airborne 
activity. The filter papers collected from the 1 0  
to 20 stations of the central vacuum system in 
each room are relied upon to show the amount of  
airborne activity originating from small leaks in 
the process equipment. Even though these samples 
are 24 hI' old when counted. they nevertheless 
prov ide a basis for determining if the equipment 
is free of leaks and if the prescribed procedures are 
being followed for introducing items into and re
moving them from the glove boxes and for chang
ing the gloves on a glove box. 

Objectionable amounts of airborne ac l lvlty 
may also originate from contaminated glove box 
and room surfaces. A concentrated effort is made 

DO 
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Fig. 14. Dimen�ions of glove box'es shown in Fig. 13. 
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to keep all surfaces clean, allowing a maximum 
direct IT count of 500 c/min/60 cm2 and a maxi
mum swipe count of less than 1 00 cimino The 
surface surveys are made with a portable pro
portional meter which has an external air- filled 
probe with a detection surface of 60 cm2• Areas 
in which the surface contamination exceeds the 
tolerance level are decontaminated using an ap
plicable procedure listed in LAMS-23 1 9 .  (19) Sodi 
um citrate, sodium EDT A,  HN03• HNO:1-HF, and 
HCI are some of the most frequently used de
contamination solutions. 

Surface surveys are made daily on the gloves. 
glove boxes. sample ports. unloading devices, etc. 
The remaining areas are spot checked daily hut 
are surveyed at least once a week. 

2.S Storage of Nuclear Mate rials 

In the storage of plutonium residues. con
sideration must be given to fire hazards. possibility 
of interaction between solution and metal residues 
in the event of container breakage. containment 
of contamina tion. selection of storage con tainers so 
that the recovery prohlem will not be increased 
in the event of a leak. and especially the possibility 
of accidentally forming a critical assembly. Con
sequently. the following storage regulations were 
('sta blished: 

1 .  All items must be stored in steel con
tainers. (Liquid residues in glass or plastic bottles 
must be placed in stainless steel cont<liners .) 

2. Metal and solution residues must be stored 
in separate rooms. 

3. Residues must be packaged so that the 
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contamination i s  com pletely contaillf'd. (All con 
tainers of solution must he vented .) 

4. The contaillers selected for the s torage of 
an item must be compatihlf' with the physical 
qualities of the residue. 

Exmllples: 

a. Liquid residues contammg uncom
p lexed fluoride should not be stored in glass . 

b. Metal residues should not be stored 
in plastic bags. especially i f  the bags are 
sealed with a pressure-sensitive tape. Metal 
residues generally have many sharp edges 
which may cut the plastic bag and release 
contamination. Even if the bag is not cut. 
the metal pieces will become embedded in the 
bag so that recovery of the plutonium i s  no 
longer a surface problem. 

5. The residu<'s mllst hp packaged illld stored 
so that there are :  

n. No more th<lll 1 k g  o f  pl utOllinl11 
metal per contai ner; no more thml OIl(' con
tai ner per cul>i, foot of storage s pace. 

b. No l1lore than tjOO g of plutonium in 
solution in anyone container; no more thall 
2tjO g of plutonium in solut ioJl per cuhic foot 
of storage Sp<lcc. 

All shel ves and floors of storage areas ar(' 
divided hy partitions illto llll its l ft square'. A 
millil1llllll distanc(' of 2 ft is reqllirpd bel\'\'cen 
shplves for' storage of liquid residues an d 1 ft for 
metal residues. 



Chapter 3. DISSOLVING PLUTONIUM METAL, ALLOYS, AND CASTING SKULLS 

3. 1 Development of Eq uipment a nd 
Proced u res 

Experimental work from March to August 
1 944 showed that plutonium metal could be dis
solved in the common mineral acids HCl, HI. 
HBr. and HNO ,-HF mixtureY) Of these, HC} 
was then considered to be the best for the dissolu
tion of plutonium metal and was used almost ex
clusively during 1 945 and 1 946, until research 
suggested that either HI or HNO,,-HF would be 
most suitable for a plant procedure. ( 3 ,  10 ) 

Attempts were made in 1 946 to recycle metal 
turnings and scrap by direct hydrofluorination. 
but the products obtained did not give good plu
tonium metal yields with bomb reduction by calci
um metal. (�O) 

The method selected for large-scale process
ing. which started in 1 947, used HI as the 'dis
solving medium since the process for the prepara
tion of plutonium metal was based on the precipi
tation of the plutonium trioxalate. (2 1 ) By using 
an excess of HI, it was expected that the dissolu
tion would be complete and that the resulting 
solution would have the plutonium in the trivalent 
state. ready for precipitation without a valence 
adjustment step. 

The main steps in the procedure were the 
addition of enough water to cover the plutonium 
metal in the dissolution vessels, the slow addition 
of 47% HI. and a 2-hr reflux. The disadvantages 
of this method. including the severe corrosion of 
equipment and frequent violent reactions asso
ciated with ignition of the plutonium metal, led 
t o  further investigations and eventually to the de
cision in 1 95 1  to use the HNO,,-HF system. ( � � )  
The dissolution of plutonium metal in HCl pro
ceeds much more smoothly than in an HNO::-HF 
mixture. but HC] has the disadvantages of corrod
ing the stainless steel equipment and being un
able to dissolve the PuO" formed during storage 
or by exposure to air. 

Experiments  with other acids for the dissolu
t ion of metal resulted either in incomplete re
actions or uncontrollable reactions in which the 
plutonium often ignited. such as when HI was 
used. For example, attempts to dissolve plutonium 
metal in 85 % H3PO, resulted in only 34% and 
94% of the plutonium in solution after 5 hI' at 
1 00°C and 200°C, respectively. (23) 

Equipment for the dissolution of plutonium 
meta l by refluxing in an HNO,,-HF mixture has 
been the subject of much development work. Up 
to .T anuary 1 953, dissolutions were made in glass 
vessels of various design, ranging from a 3 -in .
diameter tube to a standard 5-l iter round-bottom 
distilling flask. 

Because the dissolving procedure included a 
time-consuming step for cooling and filtering the 
product. it was suggested that the time required 
to complete this operation might be reduced by 
the use of a combination filter and dissolver. The 
first combination unit was a 3 -in.-diameter Pyrex 
glass tube with a sintered glass filter disk sealed 
in the tube near the lower end. ( 24 )  In this equip
ment the metal to be dissolved was charged in the 
upper chamber and a flow of carbon dioxide was 
introduced into the lower chamber. The dissolving 
acid was added to the upper chamber and kept 
there by the CO" pressure in the lower chamber. (24 ) 
After the dissolution cycle had been completed, 
the flow of CO" could be stopped and the valve 
leading to the vacuum system opened, thus im
mediately converting metal dissolution equipment 
to vacuum filtration apparatus. 

The main disadvantages of this system were 
the corrosion of filter elements by the acid media 
for dissolving Pu metaL and the plugging of the 
filters by insoluble fines. Experiments with various 
materials, such as stainless steel. (2:; )  fluoro
thene, (26 ) chromium ni tride, (27) and platinum (28 )  

did not  result in an acceptable design. Therefore. 
i t  was decided to return to the use of the modified 
5-liter round-bottom flask heated by a glass-col 
mantle. 

3.2 Dissolution of Plutonium Meta l 

The dissolution of plutonium metal by HNO ,
HF is now accomplished in the equipment shown 
in Fig. 1 5 .  These vessels are made by adding a 
1 02/75 ground-glass ball joint to a standard 5-
liter round-bottom flask. The large ball-joint open 
ing al lows the easy loading of tangled plutonium 
turnings and t he easy removal of all residues af
ter the dissolution cycle has been completed . These 
glass vessels are normally used for at least 40 
dissolvings before corrosion by vapor phase fluor
ide necessi tates replacement. 

The glove box in which these vessels are used 
is divided into four chambers by stainless steel 
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partItIOns. A cutaway drawing is shown in Fig. 
1 6 . With this compartmentation, an accident or 
explosion in one chamber should have little effect 
on the equipment in other chambers. 

Because the 5-liter vessels have a poor 
geometry as far as cri ticality is concerned. pro
cedural control is relied on to prevent nuclear in
cidents. These procedural controls require that no 
more than 500 g of material (gross weight) may 
be loaded into any one vessel and that no more 
than two such 500-g batches may be present at the 
same time in any one dissolving chamber. Thus, 
even if hoth hatches were released to the floor 
of the glove hox, the resulting layer of solution 
would he subcritical hecause the solution would 
form a slab that would be thinner than the ever
safe dimension. If additional water was added 
accidentally: the plutonium concentration would 
be d iluted to a value less than the minimum a
mount which can be made to  go critical before 
the ever-safe slab dimension could be exceeded . 

Fig. 15.  Vessel for routine metal dissolution. 

The process usmg HNO�-HF in glass vessels 
has many advantages : reaction can be observed. 
oxides will be dissolved, resulting solutions are 

Negative Chilled Circulating 
Water Supply and Return, City 
Water, Air, Helium and Electrical 
Services Supplied Through Front 
of Glove Box _____ ---1 

1 6  

r----,A=ir,----,"Exhausted Through Absolute Filters 

10 Central Filter Building ( 16cfm for each 
25 cubic feet of box )  

Isolated Weighing Compartment 

Stainless Steel c:::::-----'r--------_____ ----.;;><"----=-='Bu'7.'lkhead 

Fig. 16. Design of skull dissolver glove box. 

Revolving Tray to 
FaCilitate Passing 
Items from One Area 
to Another 

��--+ _ ____;;M:::'e'::"ta
.
1 Dissolvers 

(see fig 15 ) are 
Installed in these 
s ix  Inch Deep Wells 



compatible with stainless steel equipment, and the 
equipment can be easily cleaned to permit fre
quent changes from one type of residue to another. 

The procedure for the dissolution of unalloyed 
plutonium is given in the flow sheet shown in 
Fig. 1 7. The addition of 1 250 ml of 1 5 .6M HN03 
and adding the 47% HF in milliliter increments 
can usually be accomplished in less than 2 hr. 
No external heat is applied to the vessel during 
these additions. The solution is sparged through
out the dissolving procedure with 1 0  psi of helium 
at a flow rate such that any oxidized material is 
kept suspended. This flow of helium also provides 
a partially inert atmosphere in the dissolver. Be
cause fine plutonium turnings may be very pyro
phoric, the danger of fire is always present. The 
inert atmosphere aids in the control or prevention 
of fire. 

The rate of addition of the HF is governed 
by the physical state of the plutonium metal; that 
is, the finer the turnings, the slower the rate of 
addition. For example, if the plutonium is in mas
sive chunks, all the HF may be added at once. 
When the HF is added to fine turnings, however, 
exothermic dissolution of plutonium metal starts 
almost immediately and the rate of addition must 
be slow enough to control the rate of dissolution. 
After all of the HF has been added, the reaction 
will slowly subside. When dissolution of the plu
tonium metal has stopped. external heat is ap
plied to bring the mixture to a reflux temperature 
of about 1 05 °C and the solution is refluxed for 2 
hr to dissolve any massive plutonium metal re
maining as well as any plutonium oxide present. 
At the end of that time the water-cooled condenser 
is moved from the reflux position to the distillation 
position and the solution is concentrated to 600 
m1. The solution is then cooled, filtered through a 
medium sintered glass frit. stirred. nnd snmpled 
for analyses. 

The solution. containing between 370 nnd 
390 g of plutonium, is then transferred to a 2-liter 
polyethylene bottle using the transfer device 
shown in Fig. 1 8 . The transfer device allows the 
external surfaces of the bottle to remain uncon
taminated, and the product can be transferred to 
metal preparation with less risk of sprending con
tnmination. 

The residue from the fil tration of the product 
is weighed and stored until 400 g of residues have 
been collected. These residues are leached three 
times with 1 2M HNOa-0.05M HF and transferred 
to the F- fusion system (see Sections 4.4 and 6.5 ) 
for further processing. The filtrate and wash solu-

tions are transferred to an anion-exchange system 
for purification. The distillate is sampled for plu
tonium analysis and transferred to the crucible 
processing system for removal of plutonium by 
cne of the ion-exchange systems. 

3.3 Dissol ution of Plutonium Casting 
Skulls 

Casting skulls remaining after pouring molten 
plutonium into molds are composed of some plu
tonium metal, its oxides, and many impurities. 
These skulls often tend to be extremely pyro
phoric. The early practice of packing these pyro
phoric residues in sealed containers made the 
handling of casting skulls even more difficult. 
Varying amounts of water vapor sealed with the 
skulls during the canning operation led to oxida
tion of the plutonium metal remaining in the 
skull. This oxidation resulted in the formation of 
a black powder, often referred to as a suboxide of 
plutonium, which would ignite almost explosively 
when the can was opened. This problem was solved 
by either burning the skulls to the oxide or by 
sealing the cans under an inert atmosphere. How
ever, even skulls that were stored in an inert at
mosphere have sometimes ignited after the final 
HF has been added and the initial exothermic re
action has completely subsided. Those skulls that 
tend to ignite readily are deliberately ignited in 
AI"03 boats under controlled conditions. The re
sulting oxide can be processed without risk of fire. 
The procedure for the dissolution of PuO� is given 
in Section 4.4. 

If the skulls appear to be relatively stable to 
air oxidation and self-ignition, they are processed 
in the same manner as the alloy from which they 
originated. The disposition of the resulting product 
is governed by the type of impurities present. For 
example, if the skull came from the casting of 
unalloyed plutonium, the dissolution product can 
be filtered and sent to metal preparation for neces
sary purification by the precipitation of plutonium 
peroxide. 

3.4 Dissol ution of Plutonium-Cerium Al
loys 

Included in the category of plutonium-cerium 
alloys are ternary alloys such as plutonium-cer
ium-cobalt alloys. If the cerium content is less 
than 1 wt %. the alloy can be dissolved using the 
procedure for unalloyed plutonium (Sec t ion 3.2) 
or for plutonium-iron alloys (Section 3 .7) . If the 
cerium content is greater 1han 1 wI %, the pre
ferred method is to convert the alloy to the oxide by 
heating i t  in an AlzOa or stainless steel crucible in 
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PLUTONIUM META L 
400 9 Charge 

1 2 5 0  m.D. ...... 1 6  M HN03 

6 t o  12 ml 47 % H F  

rate dependent upon 
state of metal; amount 
dependent on impurities 
present. 

H F  

, 

..... ""'---7_50m 0. H2 0 added to 

dissolver before Pu is added 

ADDITION 

After any reaction has 
subsided 

A DDITION 

• 

DISSOL U T I O N  

reflux for 2 h r a t  105- C .  

FILTRATION Residue 
Recyled 

Filtrate 
, 

To pur ification or to  meta l preparation 
Fi�.  1 7. Flow sheet of process for dissolving plutonium metal. 

i t  muffle furnuce at "iOO°e. The unpackaging. 
weighing, and transfer of al loy resid ues is done in 
an inert a tmosphere. The alloy may have been 
packaged in large enough pieces or in an inert at
mosphere sufficient t o  prevent oxidation . but i t  
s ho uld b e  treated as  i f  i t  were i n  i t s most pyro 
phori c  condition until it is defin it ely known to be 
utherwise. 

Ollce t i le a lluy 1 Iii.� been pluced in t he (:on 
t ; l i l ler fOr' burn ing and t he ("on tainer pl H('ed in t i l<' 
furnace. i r ir  UlIl  I)f' i n t rod uced Ht such 1 1  rH l e  as to 
1 1 Ii:l i n t u i l l  t h p  desired ra t e  of ux ida tion . The oxide 
l dll t hen be 'afel), d issol veti using the procedure 
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given in Sec t ion 4.4. Complete dissolu tion is not 
usually attained in one cycle and the residue must 
be recycled. The second leach, however, results in 
complete dissolution. The dissolver solutions are 
fil tered. analyzed for plutonium, and purified by 
ei t her prec i p i tat ion of plu ton ium peroxide or by 
sorpt ion of pluton ium on a nitrate anion -exchange 
l o)umn . 

A l ess preferable process is to add the alloy 
i l l  20-g incremen ts to 1 "i00 ml of 4M HN03 that  
has been hea ted to ___ 90°C. This dissol ution 
method uses t he same "i- liter glass vessel wi th 
heating mantle as described in Section 3 .2. The 
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Fig. 18. Device for removing plutonium solutions from glove boxes. 
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.;ol u t iol l  i s  sparged con t i n uous ly \\ith 1 0  psi of 
heli um during the additioll  o f  the 20-g increments 
of a l loy . The nddi t ion of the next increment of 
alloy is J lot  made until the exothermic reaction 
r( ) l lowing t he prev ious add i t io l l  has subsided . Con
cen trated HNO : is a dded as necessary to keep the 
HNO : concentra t ion near 41\;1 to disperse the foam 
that forms if  t he H I concentration drops below 
0.2M. If the acid concentration exceeds 4M, the 
reaction \\il l  become so violent that the metal 

·
may 

igni te. 

After a l l t he meta l has been added in 20-g 
increments, the a pplied heat is increased so that 
t he mixture will reflux at a solution temperature 
of r-' 10 5 °C. When the mixture has refluxed for 
r-'1 hr. all the cerium will have dissolved but only 
part ( r-'  1 0-20 % )  of the plutonium will have g01!e 
into solution . Since the dissolving solution is.  a t  
this poin t,  < 4M HNO" a n d  since it does not con
tain any F-. longer reflux periods will not ap
preciably increase the dissolution of the plutonium 
because. a t this point i n  the process. the plutonium 
is present mainly as the oxide. The condenser is 
then turned to the distillation position and the 
solution is concentrated to r-' 700 m1.  When the 
solution has cooled to r-'80°C. 800 ml of 1 5 .6M 
HNO : and '5 ml of 47% HF are added . The con
denser is then rotated to the reflux position. ex
ternal heat is a pplied. and the mixture is refluxed 
for 2 to 4 hr.  

After this  . reflux period. the mixture is al
lowed to  cool  to  room t emperature. The slurry is  
filtered through a medium sintered glass  frit. 
using O . l M HNO" as the wash solution to mini
mize peptization o f  the oxide in the residue. The 
filtrate is transferred to either a nitrate anion-ex
change system or to a peroxide precipitation sys
tem for separation of the plutonium and cerium. 
Bot h  processes give satisfactory products in which 
the cerium content is  < 20 ppm. based on plutoni
um. These processes a re discnssed i n  Sect ions R.4 
a l ld H.h.  

3.5 Dissol ution of Pl uton i u m-Al u m i n u m  

I f  the aluminum content is less than 1 w t  % .  
the material i s  processed a s  i f  i t  were unalloyed 
p l u t( ll l i u m ;  that  is , i t  is d issol ved in 1 0M HNO :

o.nS .lI1 HF. ( 2\1 ) If I he . d u m in ul l l conten l is  in t he 
range of "I to 1() wI ex, . the a l l oy is d i ssol ved i l l  
'1 0M HNO :-O . "I M HF. If the aluminum cOl l tent is 
> 1 0  wI %,  t he a lloy is ei ther d issolved in 1 0M 
HNO :. with O.O'5M mercur ic nitrate as a ca talyst. 
or the plutonium-aluminum residues are placed 
in the basket of the slag nnd crucible d i ssolvers 
where they will be slowl)! dissolved during normal 

crucible processing cycles (see Section 5 .4 for 
greater detail ) .  Since a fluoride slag is being pro
cessed. the fluoride concentration is more than 
a m ple t o  accomplish dissolution . 

The dissolution of aluminum by HN03 with 
mercury present proceeds rapidly and may be
come violent if the quantity of mercury is too 
great .  A series of experiments showed. for the 
equi pment concerned. that a satisfactory rate of 
dissolution could be obtained with 1 0M HNO.,-
0.05M Hg2+.

· 

The insoluble residues are separated by filtra
t ion and stored until a bulk weight of 400 g has 
been accumulated ; they are then leached with 
1 0M HNO ,-0.05M HF. After this leach. the resi
dues are transferred to the bulk fusion ;ystem for 
recovery of the remaining plutonium. The filtrates 
are transferred to a purification system, such a s  
solvent extraction, oxalate precipitation. o r  ion ex
change. for final processing. 

3.6 Dissolution of Plutonium-U ra n i u m  

The method o f  dissolution depends upon the 
amoLlnt of uranium present ; that is, i f  the urani
um content is less than 1 wt %, the metal i s  pro
cessed as if i t  were unalloyed plutonium. If the 
uranium content is greater than 1 wt %, the dis
solution may proceed quite rapidly in 4M HNO", 
especially if the feed metal is in the form of a 
powder or fine turnings. The higher the uranium 
content of the feed. t he more the al loy to be dis
solved acts like pure uranium meta l .  Thus with 
an alloy containing 85 wt % uranium, rap i d  dis
solution of the uranium will take place i n  4M 
HNO ,. about 5 to 20% of the plutonium will be 
d issolved, and the rest of the plutonium will be 
converted to PU02. 

To dissolve the PuO". the HNO:; concentra
t ion must be increased and HF must be added. 
Recause large volumes are not desired. it  is  not 
practical to add the required amount of 1 5 .6M 
HNO:: and, hence, the HNO" concentration is in
creased by distilling some of the water. The 
resulting concentrate. ,...., 700 ml, will be r-'8M 
HNO". HNO". HF, and H20 are then added to 
bring the solution to a final volume of 1 500 ml. 
t o  1 0M. HNO :. and to O .05M HF. The high acid 
� l l l lTy IS l"pfJuxed for 2 hr to dissolve all the PuO". 

P l u t O l l i l l l l l-urm l i um residues may also be pre
pared for d issolu t ion by the burn method used 
ror plutonium-cerium a lloy described in Section 
1.4. The resu lting mixture of oxides can be dis
solved i l l  HN03-HF mixture without danger of 
ignition. 



VVhen the dissolution is complete, the solu
tion is cooled and filtered through a medium sin
tered glass frit. After sampling the solution for 
plutonium analyses, the solution is transferred to 
a nitrate anion-exchange system for the separat ion 
of plutonium and uranium discussed in Section 
8.6. The filter residues are recycled. 

3.7 Dissolution of 
with Z i rcon ium, 
Thoriu m  

Pluton ium Al loyed 
H afnium, I ron, and 

The method for dissolution of  these alloys i s  
the same as for unalloyed plutonium except that 
if the cation impurity is greater than 3 wt % .  
the F- concentration must b e  increased to com
pensate for the effective loss in F- caused by the 
formation of fluoride complexes or precipitates 
with the cation impurities. For example, iron 
forms soluble fluoride complexes, analogous to 
aluminum. Thorium. however, will precipitate as 
ThF., .  once the solubility product is exceeded, 
rather than form a soluble anionic complex. Thus. 
on an equal molar basis, the formation of the 
soluble ferro-fluoride complex would consume 
more F- than the formation of ThF,. 

The resulting solutions are filtered. using a 
medium sintered glass frit. and sent to the appli
cable purification system. The solutions containing 
only iron are transferred to an oxalate precipita
tion system, those with thorium to the chloride 
anion-exchange or the ThF" precipitation system, 
and the other solutions to a nitrate anion-exchange 
system. 

3.8 Dissolution of Pl uton ium-Copper 

The dissolution of plutonium-copper alloys 
can be readily accomplished using the method for 
unalloyed plutonium. These alloys are listed 
separately here only because they have been 
known to ignite under solution in the same man
ner as plutonium skulls. Therefore, the weight of 
alloy per batch is reduced to 200 g to reduce the 
severity of a possible fire. 

3.9 Dissolution of Pl uton iu m-Osmium 

The dissolution of plutonium-osmium alloys 
proceeds smoothly using the HNO::-HF procedure 
for unalloyed plutonium. The reflux period, how
ever, must be lengthened to 6 hr to permit the 
osmium to form the volatile oxide which can then 
be removed by the flow of helium used to sparge 
the solution. Analyses of the distillate and the pro
duct from this process show an osmium content of 

< 1 0  ppm. based on plutonium. Thus both solu
tions can be treated as though they were from the 
dissolution of unal loyed plutonium. 

3. 1 0  Dissolution of Miscella neous Al loys 

Plutonium alloyed with manganese. titanium. 
indium. chromium, platinum, the lanthanides. 
gallium, and similar cations (30 . 3 1 . 32 ) have all been 
found to dissolve in HNO ,-HF. Although various 
separation methods can be used, satisfactory pro
ducts « 300 ppm metallic impurities, based on 
plutonium) can be obtained using the nitrate 
anion-exchange process. (33 , 34, 3;» This method and 
other processes used to purify plutonium are dis
cussed in Sections 8.4,. 8.6, and 8.9. 

3. 1 1  Conversion of Plutonium Meta l to 
Oxide 

The pyrophoric nature of plutonium metal 
and its alloys makes all liquid dissolutions sus
ceptible to uncontrolled self-ignited fires. Because 
the oxide is very stable, procedures were developed 
for converting the metal and its alloys to the oxide 
which then could be handled safely .in any atmos
phere. The conversion to oxide can be accom
plished safely by ignition in any furnace in which 
the oxygen and moisture content of the atmos
phere can be controlled. 

The ignition is usually performed in MgO or 
AleOa crucibles but certain alloys may, under 
special conditions, be ignited in Type 3 1 6  stain
less steel beakers. For example, coarse turnings or 
massive pieces of the ternary alloy, plutonium
cobalt-cerium, may be safely ignited in a stainless 
steel beaker on a hot plate in the normal glove box 
< ltmosphere. but the powder form of the ternary 
alloy is extremely pyrophoric. It must be loaded 
under an inert atmosphere and the ignition must 
be controlled by regulating the flow of argon or 
Gxygen over the heated alloy. 

The off-gases from the ignition of all pyro
phoric alloys and compounds, except plutonium 
deuteride, are allowed to escape to the process air 
exhaust system. The off-gases from the ignition 
of plutonium deuteride are passed through a cold 
trap. (36, 37) 

At Los Alamos, only the plutonium-cobalt
cerium alloys and certain skulls are routinely con
verted to the oxide as the first step in the recovery 
of the plutonium involved. If the ignition tem
perature does not exceed 600°C, the resulting 
PuO:? can be readily dissolved by refluxing with 
1 0M HNO;;-0.05M HF. The procedure for the dis
solution of PU02 is given in Section 4.4. 
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Chapter 4. DISSOLVING PLUTONIUM COMPOUNDS 

4. 1 Dissol ution Policy 

A large fract ioll of the plu tonium sen t to re
covery opera tions is in the form of impure com
pounds. The first step in recovery is to dissolve 
the compounds so that the various plutonium 
separation systems in the plant can be used. 
Once a solution has been obtained it is sent to a 
separation system that is compatible with the type 
of acid used to dissolve the compound, the metal
l i c  impurities in the compound, and the anionic 
radical formed or put into the solution during the 
dissolving procedure. 

All plutonium-bearing compounds can be dis
solved in at least two different media. Although 
some of the dissolutions proceed smoothly in a 
certain medium, the introduced anion is often in
compatible with the equipment to be used later in 
one of the processes. or the anion will make the 
separation of the cations more difficult. There
fore, a compromise has to be made. The policy at 
Los Alamos is to select the medium for dissolution 
that will give the easiest solution to process. even 
though longer dissolving times may be required. 

4.2 Dissolution of Pluton ium H yd ride 

In 1 944. Pittman el al. reported ( G )  that HCI 
was the best medium for dissolving plutonium 
hydride. Further work with this compound, some 
as late as 1 961 , (ar . )  confirmed this finding, but the 
handling and dissolution must be done under an 
inert atmosphere of at least 70% He, < 6 %  O�. 
and <24% N:! to prevent spontaneous ignition. 
With this system. the flow sheet for which is 
shown in Fig. 1 9. nearly complete dissolution is 
obtained. but the resulting solution is not compati
ble with stainless steel without prior chemical 
treatment. This process was used for several 
months and the Hel solutions were processed in 
the cation-exchange system discussed in Section 
8 .5 .  Later, after experiments had confirmed that 
large amounts of HCI could be tolerated in 7M 
RNO" systems ( see Section 8.2) , these solutions 
were processed in a nitrate anion-exchange sys
tem employing many stainless steel components 
after dilution to ,....., 1 M  Hel with 7M HNO". 

Even though the ReI solutions could be pro
cessed easily in the 7M HNO" anion-exchange 
system, the dissolution of plutonium hydride in 
Hel in an inert atmosphere was not considered to 
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be an ideal process. Experimental work by 
Reavis( :{r. ) resulted in the development of a pro
cedure to convert the hydride to metal. By con
verting the hydride to metal and dissolving the 
metal in an HNO'l-HF mixture, both the corrosion 
of process equipment and the probability of spon
taneous ignition of the material are reduced. This 
method has been used since 1 961  for processing 
plutonium hydride, using the procedure for the 
dissolution of the resulting metal discussed in Sec
t ion 3.2. 

4.3 Dissolution of Plutonium Oxalate 

The solubility of plutonium oxalate increases 
very rapidly with increasing acidity; however. 
the plutonium will not stay in solution when water 
is added unless the oxalate ion is destroyed by oxi
dation. 

Experimental work prior to 1 944 indicated 
that an HN03-H�S04 mixture was the best medium 
for the dissolution of plutonium oxalate. (5)  This 
process involved fuming with HNO" and H2SO. 
until the oxalate was completely destroyed. The 
plutonium sulfate that was formed could then be 
dissolved in water and HeI. (5) 

After 1 944 the Recovery Section turned more 
and more to solvent extraction in which the 
presence of large amounts of sulfate interferred 
with the extraction of plutonium and a new 
method for the dissolution of plutonium oxide was 
desired. Other methods of treatment then in use 
to dissolve plutonium oxalate used nitric or hydro
chloric acid along with a strong oxidizing agent 
such as NaBrO , or KMnO.;. Such methods could 
be used only when the extraneous cation intro
duced was compatible with succeeding processes. 
A method using NaBrO", for example, would 
evolve large quantities of corrosive bromine that 
would preclude the use of stainless steel equip
ment. 

The need for a process for dissolving plutoni
um oxalate that would require or yield only cations 
or radicals common to succeeding processes led 
to the investigation of dry conversion methods. In 
1 947 and 1 948, experimental work showed (38) that 
dehydration and direct hydrofluorination of plu
tonium oxalate would yield a plutonium fluoride 
that could be dissolved in HN03-Al (N03) 3 or 
even be bomb-reduced to plutonium metal. 



FEED 
introduced to dissolver dry box 

Helium FLOW 
-a-t -3----'--c-:""f m---lI-t of Helium continued until dry box 

atmosphere > 70 % He 

2 2 5  m1l 1 2  M Hel  

Fig. 1 9. 

P REPARATION 
wei�ed portion of plutonium 
hydride, no more than 100 g., 
placed in 5 liter pyrex dlssover 
equipped with dip tube, 
(see F i g .  15)  

DISSOLUTION 
Hel added in 5 m12. I ncrements 
after reaction from prev(ous 
add(tion has subsided. Helium 
flow continued so as to sweep 
hydrogen from reaction vessel 
and drybox 

FILTRATION 

5O mJ1 1 
�

BI
_ac_k_S_ol_id_s� 1 2 M Hel 

t-

Fil trate 

Tan or White Ta Solids t So'ilds 

HN03-H F 
Leaching 

To Anion - exchange systems i 
Flow sheet for d issol ution of plutonium hydride i n  Hel.  

H e l  
Solution 

By 1 954, experimental work had shown ' ;{!' 1 
I h a l  although there were many methods tha t would 
dissolve plutonium oxalate or convert plutonium 
10 ;-mot her compound tha t was more soluble in 11 
common medi um_ each of t hese methods had il 
serious rlrawbra c k .  Boiling in concentraled HNO,,_ 
fuming with H"SO , .  NaOH metathesis. or 
Al (NO:J ,-H�O" meta thesis requ i red far too m uch 
time for dissolu t ion and filtra t ion . Boiling in 
HNO�-KMnO., or HNO,,-Na"CrO., introduced un-

desira ble i m pl l ri t ies t h a t  wOl l ld l a t er have t o  he 
J 'f' 1 l 1oved. 

Nance (·1<I 1 found tha t the s im ples t method was 
10 igl l i t t' I I If' oxa l a t e  to I he ox ic le a t  a low lempel'a 
t ure C-- S ( )( ) " C )  and t hen d issolve t hc oxidc i l l  
1 0M HNO ,( ) . (6M HF. This me t hod was COJI 
sidcree l  to lJe s u i t a hle fo)' a plal l t  processi l lg sys
lem; 1 1  I l l i l l i m u lll  of Cq U i plllt'l l t  and glovp ho\ 
s!-,ace was required, the oxalate was completely re-
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moved, no cations or anions were introduced that 
would make the purification of the plutonium 
more difficult, and the resulting solution was 
compatible with stainless steel equipment. This 
method is now used on all plutonium oxalates. 

The ignition is done in stainless steel beakers 
on a hot plate or in any furnace capable of reach
ing ,-' 500°C. The resulting oxide is dissolved, us
ing the procedure shown in Fig. 20, in the stand
ard metal dissolving equipment shown in Fig. 1 4. 
The iron pick-up from ignition in stainless beakers 
is less than 0 . 1  g per batch and is easily removed 
in the precipitation of the plutonium peroxide in 
the metal preparation facilities. 

4.4 Dissolution of Plutonium Oxide 

The ease with which plutonium oxide can be 
dissolved depends upon the temperature at which 
the oxide was formed or to which it was subse
quently heated. Oxides that have been heated to 
less than 600°C are generally considered to be 
relatively easy to dissolve; oxides heated to temper
atures between 600 and 1 000°C require somewhat 
more stringent procedures ; oxides that have been 
fired at temperatures greater than 1 000°C require 
extreme measures. 

In 1 944. Pittman et al. reported ( fo )  that fusion 
with K2S20, was the best method for dissolving 
PU02 using a weight ratio of 8 parts K2S"O, to 1 
part PuOz . If complete dissolution was not ob
tained, the residues were treated with a Na20"-car
bon spontaneous fusion. HNO�-HF had been used 
but the fusion methods were preferred. 

Bjorklund (41) made an extensive study of the 
dissolution of plutonium oxide by HCI-KI mix
tures and showed that the oxide could be dissolved 
by this method but that this system had the dis
advantage of causing severe corrosion of stainless 
steel equipment. thus requiring special purifica
tion systems. 

Other dissolution mixtures were tried, (42) such 
as 85% H"PO., and HNO,,-HI, <42 )  but none were 
as generally satisfactory as the HNO,,-HF method. 
Experimental evidence in 1 95 1  (43 ) showed that 
complete dissolution was not obtained until the 
HF concentration reached 0.05M. Continued work 
showed that the most efficient dissolution was 
obtained with 1 0M HN03-O.05M HF. The pre
ferred procedure is shown in Fig. 20. 

Because the origin of oxide residues is so 
varied, and in many instances the ignition temper
ature is unknown, the processing of oxides at Los 
Alamos has evolved into the practice of trying 

24 

2000 m.Q 

4 m.Q.  
2 7  M H F  

PLUTONIUM OXIDE 
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H F  A DDITION 

DIS SOLUTION 
reflux for 2 hours at 105' C 

FILTRATION 

Filtrate 

to purification or metal 
preparation facilities 

Residues 
Recyled 

Fig. 20. Dissolution of pl utonium oxide residues. 

HNO :-HF firs t . If a major portion of the oxide 
dissolves in the first HNO,,-HF leach. a second 
leach is used on the filter residue. If very little 
oxide dissolved in the first leach, a more drastic 
procedure than a second HNO :-HF leach is used. 

In 1 95 1 .  Johnson and Pritchard(H) developed 
a fusion procedure that was much more quantita
tive than the process devised by Pittman et al. (G) 
in 1 944. The experimental work by Johnson and 
Pritchard showed that the fusion efficiency could 
be greatly enhanced by the addition of a small a
mount of NaF. Therefore. if the oxide is sparingly 
soluble in HNO,,-HF, the residue is dried and 
mixed with a flux made of 1 0  parts K"S20; to 1 
part NaF by weight, using 7 parts flux to 1 part 
oxide. This mixture is heated in a platinum boat 
or a Hastelloy "c" cylinder at 550°C for approxi
mately 2 hr. The melt is cooled. removed from the 
fusion vessel. and transferred to a dissolution ves
sel . To this vessel is added 1 OM HNO::-0.3M 
Al (NO,, ) :: and the mixture is heated at the boiling 
point for 1 hI'. The solution is then cooled and 
filtered. Many different filters have been used 
(such as graphite. stainless steel, porous plastics. 
and sintered glass. all of medium porosity) but 
the preferred method is to place diatomaceous 
earth filter aid on a sin tered glass filter to in
crease the filtration rate.  The filter residues are 
washed with several portions of water or dilute 
HNO" and ail' dried by pulling air through the 
cake for about 1 hr. If measurement of the (1-y 
emission indica tes that the solids contain little or 
no plutonium. they are dried at 300°C in a muffle 
furnace and sampled for plutonium analyses. If 



an appreciable plutonium content is indicated. the 
..,olids must be recycled. If desired. the diatomace
ous earth can be removed from the dried residue 
by converting the SiO" to the volatile SiF , as dis
cussed in Section 6.4 so that only a minimum a
mount of residue need be fused ""ith K�S�07-NaF. 

The solutions resulting from the dissolution of 
oxines are transferred to an applicable separation 
system. The purification system is selected on the 
basis of what types of cations are present. 

Included in the category of oxides are PuO"
molybdenum pellets that have been fired at tem
peratures in excess of 1 600°C. These have proved 
to be difficult to dissolve. Development work has 
shown that the best results are obtained by using 
alternating leaches of 8M HNO:1·0.Z5M Fe (N03) :, 
and 1 0M HN03-O.05M HF. The dissolution rate is  
slow and a large number of leaches are required 
to eventually dissolve the pellets. At present the 
quantity of such residues is so small that further 
development work is not justified. puO"'stainless 
steel pellets dissolve best in HNO,,-HF. 

4.5 Dissol ution of Pluton ium Fluoride 

Small amounts of PUFl or PuF. can be dis
solved by boiling in concentrated HNO:l ; the rate 
of dissolution depends upon the rate of escape of 
F- from solution. This method is very slow and is 
used only when aluminum cannot be tolerated in 
t he resulting solutions. 

The preferred method is to add 1 0M HNO:l 
to the fluoride and then add a mole of aluminum 
for each mole of fluoride believed to be present 
and the mixture refluxed for 1 to Z hr. The solu
tion is then cooled and filtered. The residue is re
cycled, either through another HN03-Al (N03L 
leach or through the bulk fusion process described 
in Section 6.5 .  The filtrate is transferred to an 
applicable purification system. 

4.6 Dissolution of Pl uton ium Peroxide 

In 1 944 Pittman et al. reported( 5 )  that HNO:: 
was the best reagent for the dissolution of plu
tonium peroxide. This dissolution method is so 
complete, even without adding external heat, that 
it is still used to dissolve plutonium peroxide. The 
reaction between plutonium peroxide and HNO:: 
can be quite violent ;  one of the most dangerous 
features is the variable lapse of time required for 
the dissolution to start. It has been the practice a t  
Los Alamos t o  place 500 m l  o f  1 5 .6M HNO:, i n  a 
Z-liter beaker and then add the solid plutonium 
peroxide in small increments. The first addition 

of peroxide results in a bluish-green solution in
dicative of the presence of both trivalent plutonium 
and a high HN03 concentration, and the rate of 
dissolution is rather slow. The reaction is exo
thermic and in time the peroxide will dissolve 
nearly as rapidly as it is added. With a sufficient
ly high temperature and the proper nitric acid 
concentration, the trivalent plutonium is oxidized 
to the tetravalent state. The rate of addition of the 
peroxide to the HN03 must be slow until the 
valence transition is indicated by the sudden re
lease of NOz fumes and a change in color from 
the bluish-green of a trivalent plutonium-highly 
concentrated HN03 solution to the greenish-brown 
of the tetravalent plutonium-HN03 solution. The 
plutonium peroxide can then be added rather 
rapidly. The solution will be green if the acidity is 
greater than 5M and brown if less than 5M. 

Delay in the start of dissolution can be over
come by heating the 1 5 .6M HNO" before adding 
the first irtcrement of plutonium peroxide. Since 
the temperature of the solution need be only 50°C, 
a hot plate can be used to warm the HN03 and 
the plutonium peroxide can then be added rather 
rapidly. With warm 1 5 .6M HN03, the first addi
tion of plutonium peroxide results in the evolu
tion of NOz gas as a sign that the trivalent plutoni
um formed is being oxidized to the tetravalent 
state. This situation is applicable only if the per
oxide has been freshly precipitated. If the peroxide 
has been stored for several days since precipita
tion. or if  the peroxide has been heated for more 
than 1 hr in a furnace at 300°C, an appreciable 
quantity of residue, mainly a low-temperature 
oxide, is left after HN03 treatment. The insoluble 
residue is returned to a HNO:;'HF dissolution pro
cess. The filtrate is sent to an appl!cable purifica
tion system. 

4.7 Dissolution of Pluton ium Carbide 

Pittman et al. reported in 1 944(5) that fusion 
wi th K�S"07 was the best method for the dissolu
tion of plutonium carbide. Additional work showed 
that plutonium carbide will dissolve by refluxing 
in 1 0M HNO,,-0.05M HF, although the rate of 
dissolution is rather slow. (45) Another method is 
to dissolve the carbide in HCI . The dissolution 
proceeds at an acceptable rate but is much slower 
than the dissolution of plutonium peroxide in 
RNO:: . With 1 to 6M RCI. the reaction proceeds 
without the application of heat and thus the dis
solution equipment: usually consists of a plastic or 
glass beaker and a mechanical stirrer. The result
ing solutions are transferred to an applicable 
separation system. 
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The preferred method for the dissolution of 
mixed carbides of plutonium and uranium starts 
with the conversion of the material to oxide by 
heating at 400°C for 2 hr in air. The low-tempera
ture oxide material is then leached in an RNO : 
medium. Experiments and plant-scale dissolutions 
have shown that > 90% of the plutonium can be 
dissolved by refluxing for 2 hr in 10M RNO : 
only. Reflux times as long as 24 hr do not greatly 
increase the amount of plutonium dissolved . A 
satisfactory dissolution rate for the remainder of 
the plutonium requires the addition of 3 ml of 
28M RF after the reflux in RNO , has been com
pleted, followed by another reflux period of 2 hr. 
The dissolution of the plutonium has been quanti
tative in every instance in which this method has 
been used for the mixed carbides. 

4.8 Dissolution of Pluton ium Si l icide 

Plutonium silicide is dissolved in RNO" al
though it may also be dissolved in RCI . The RNO : 
method is preferred because as the silicide dis
solves in RCI a gas is  given off which bursts into 
flame when it comes into contact with air. It is 
believed that this gas is a silane. (40) The RNO : 
dissolution is somewhat slower, but is preferred to 
avoid the release of the flammable gas. 

Dissolution of the silicide in 1 0M RNO ,-
0.05M RF requires reflux periods of 4 hr and 
filtration and recycling of insolubles. The filtrate 
is sent to the proper anion-exchange system for 
purification. the choice of system depending upon 
plutonium concentration and type of cation im
purities present. 

4.9 Dissolution of Plutonium Ch loride 

PuCL, is very soluble in water if the forma
tion of PuOCl can be prevented . If the material 
contains PuOCI. an RNO ,-RF leach will be re
quired to dissolve the water-insoluble portion. 

At Los Alamos_ PuC! , is dissolved in dilute 
acid_ either RCI or RNO ,. so that the hydrogen
ion concentration can be kept high enough to pre
vent formation of a plutonium polymer and the 
formation of PuOCI .  The corrosion of the stain
less steel in subsequent processing equipment by 
RCI can be prevented by adding RNO , to a con
centration of > 3M_ as ,'vas shown when stainless 
s teel coupons were tested with HNO,,-HCl mlX
tures. This work is discussed in Section 8 .2 .  
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4. 1 0  Dissol ution of Electrorefin ing Resi
dues 

The routine dissolution of unalloyed plu
tonium ,,,as discon tinued a t this laboratory when 
a successful electrorefining system and process was 
developed by Mullins_ Leary. Bjorklund, Morgan_ 
and Maraman. (47- ,, 1 ) This process not only requires 
fe\wr man-hours per gram of purified plutonium, 
but results in a purer product than can be obtained 
by the bomb reduction method. The average yield 
of this process is ,-...0 95 % .  The metal product, con
taining < 1 00 ppm total impurities (cationic and 
gaseous) _  is sent directly to casting operations. and 
the anode residue is directly recycled until the im
purity level in the anode causes such a high back 
emf that the anode must be purified in aqueous 
recovery operations. The remaining plutonium is 
lost to the chloride melt, which must be processed 
in aqueous recovery operations. 

Because of their chloride content. these resi
dues require special treatment to prevent corro
sion of the stainless steel equipment. The chloride 
melt from electrorefining can be dissolved in 0.5M 
RCI. but almost invariably a black residue is left 
on the filter. This residue apparently contains 
both PuOe and PuF,_ which can be dissolved in 
HNO::-HF. Rowever, since 1 i\1 Cl- can be tolerated 
in stainless steel equipment, if the RN03 content 
is > 3M, the melt can be dissolved directly in 
HNO,,-HF instead of using 0.5M RCI as a final 
step. The dissolution is essentially complete in 
one step and the residue generally contains far 
less than 0.5 % of the original amount of plutoni
um . The filtrate is transferred to one of the anion
exchange systems where the solution is diluted 
with 7M RNO" until the plutonium concentration 
is less than 25 g/liter and the chloride concen
tration is less than 1 M. This solution is then ready 
to be fed to a nitrate anion-exchange column. The 
equipment used for this dissolution is the standard 
5-I iter flask and related equipment shown ill Fig. 
1 5 . 

The preferred method_ however. is to leach 
the chloride melt with 2M NaOR. This method 
dissolves the chloride salts of sodium. potassium. 
and lithium_ and precipitates the plutonium as 
the hydroxide. The supernatant. after a decant 
filtration. can be discarded if its plutonium COll
een tration is < 1 X 1 O-� g/liter. thus disposing of 
the corrosive chloride ion. 



The slurry, consisting of the insoluble hy
droxides of elements such as magnesium and 
plutonium and the MgO pieces from the anode 
cup. are transferred to a wash apparatus made of 
a coarse mesh screen placed in a s tainless steel 
beaker (Fig. 21 ) .  With this device, the hydroxides 
can be readily washed from the pieces of MgO 
crucible so that the MgO can be dissolved in the 
crucible dissolvers ( discussed in Chapter 5 ) ,  while 
allowing the major portion of the plutonium to 
pass through the screen with the fines. The plu
tonium hydroxide at times is held very tightly to 
the surface of the MgO. and the water jet wash 
may not be sufficient to remove the desired a
mOlJnt of plutonium. A wash with 3M HNO". 
which starts to dissolve the surface of the MgO, 
may then be necessary to reduce the plutonium 
concentration to the desired level. 

The fines. consisting mainly of hydroxides 
of plutonium and other cations, are transferred to 
a dissolution apparatus similar to that shown in 
Fig. 1 5 . Approximately 500 ml of water is used 
to rinse the hydroxides and other residue out of 
the stainless steel receiver into the dissolution ves
sel after which 1 liter of 1 6M HNO:l is added to 
start the dissolution of PU02. The dissolution is 
then completed following the procedure given in 
Fig. 20. 

Fig. 21. Screen for washing crucible. 

STAINLESS 
STEEL 
BEAKER , 6  

4. 1 1  Dissolution of Plutonium Sulfate 

Since plutonium sulfate is soluble in water, 
any solids containing this compound are leached 
first with water or very dilute HNO" and the 
residue is then leached with HNO,,-HF as if the 
solids were PuO". The water leach solution may 
then be acidified with HN03 so that it can be 
used as a feed solution for a nitrate anion-exchange 
column. Extremely high sulfate or a combination 
of high sulfate and high fluoride concentrations 
interfere with the sorption of the plutonium in an 
anion-exchange system. as discussed in Sect ion 
8.6. 

4. 1 2  Dissol ution of Plutonium H yd roxide 

If the plutonium hydroxide has been freshly 
precipitated, the dissolution of this solid can usual
ly be accomplished by the addition of HNO;) to 
about 2 or 3M H -I- . If the hydroxide has been 
stored or exposed to air for more than a few hours, 
complete dissolution cannot be obtained by addi
tion of HN03• To dissolve this material, which is 
mainly a hydrated oxide of plutonium, the HNO::
HF procedure ( Section 4.4) is used as if the com
pound were PU02. 

4. 1 3  Dissolution of Cupfe r rates 

Since the cupferrates of some metallic ions 
are explosive when dried and since the cupferrate 
residues received from the analytical section are 
of unknown composition, the ignition to oxide 
method was rejected. As an alternative, the cup
ferrate residues received from the analytical sec
t ion can be dissolved in 1 5 .6M HNO:l. This sol u
tion can then be safely added to the feed solul ion 
being put on one of the nitrate anion-exchange 
columns. Since the feed to these columns is 7M 
HN03• the acidity is sufficiently high to keep the 
cupferrates from reprecipitating. The presence of a 
small amount of cupferrate in the feed solution 
does not impair the sorption of plutonium onto the 
resin in a ni trate anion-exchange column. 
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Chapter 5 .  DISSOLVING REDUCTION AND CASTING RESIDUES 

5. 1 Ea rly Development Work 

During the development of the bomb reduc
tion method for the preparation of plutonium 
metaL Baker et al., ( :'2-56) working with uranium 
as a stand-in for plutonium, found that an ap
preciable quantity ( >  1 % )  of uranium was lost 
to the reduction slag and the MgO-2% SiO� liner 
in the reduction bomb. Later work(57) showed that 
plutonium behaved in a similar manner. 

Because of the scarcity of plutonium in 1 944 
and 1 945. an immediate effort was made to re
cover and purify the metal lost to reduction resi
dues. When this work was started it was assumed 
that the reduction residues should be divided into 
three fractions for processing: the MgO packing 
sand, the reduction slag, and the MgO crucible 
serving as the liner for the reduction bomb. It was 
thought that the MgO packing sand would con
tain so little plutonium that it or its leach solutions 
could be discarded. Later work proved this not to 
be the case, mainly because of plutonium con
tamination of the packing sand during unloading 
rather than during reduction. The reduction slag 
would, it was believed, contain nearly all of the 
plutonium that did not appear in the metal slug 
and would have to be completely dissolved. The 
choice of which acid Or solution to use for the dis
solution of this material after the iodine had been 
removed would be based on experimental work on 
the MgO liners. It was thought that the MgO liner 
could, by sorting_ be isolated relatively free of 
slag and that what contamination followed could 
be removed by a surface leach . Therefore_ at
tempts were made to remove plutonium and 
uranium by a surface leach of the crucible with 
HCl or HNO", leaving the refractory crucible es
sentially undissolved. It was found. however. that 
leaching would not extract all the uranium and 
plutonium and that the entire crucible would have 
to be dissolved to obtain complete recov
ery. Ui . Co. 7 . !i8) 

In the preparation of plutonium metal using 
the bomb reduction method developed by Baker, (:'7 ) 
iodine is used as a booster to increase reduction 
yields . Because of the corrosiveness of iodine on 
s tainless steel com ponents, the first efforts were 
directed toward leaching the crucible with HCl 
rather than HNO ;. thus avoiding the oxidation of 
the iodide to iodine_ ( fi )  or toward iglliting the 
crucible in a muffle furnace_ thus subliming the 
free iodine so that the crucible could be dissolved 
in HNO" ( ;,SI  Attempts to use NaOH for removing 
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iodine from the 'reduction slag and liner were a
bandoned because of the large volumes of solutions 
and solids involved. Most of the iodine was re
moved by boiling the residues for 1 hr in 5M 
NaOH. but this step was considered to be too 
lengthy. (6) It was found that the iodine could be 
removed by treating the chunks of liner with solid 
Na"S�O:l and enough water to dissolve the added 
salt, but this method resulted in high plutonium 
losses. ( 6 )  

By 1 945, the procedure for dissolving uranium 
reduction slag employed an 8-hr chlorination at 
400°C to remove the iodine. ( 58) Once the iodine 
had been removed, the dissolution of the slag was 
accomplished in HN03 or in a mixture of HN03-
Al (N03h (1)8) The crucible that had been separated 
earlier was dissolved in HN03-Al (N03h 

Fusions with pyrosulfate and with sodium 
peroxide-carbon were tried, but these methods 
were rejected because the pyrosulfate fusion re
sulted in only partial recovery and the sodium 
peroxide-carbon reaction was so violent that the 
material was often sprayed from the reaction 
vessel . 

5.2 Dissol ution of Reduction Residues 

The development work that led to selection of 
the present method for recovery of plutonium 
from reduction residues was started by Maraman 
in 1 946. (59 ) This work showed that equipment 
could be designed for a method in which the three 
fractions of the reduction residues could be pro
cessed without sorting. Corrosion by fluoride was 
avoided by using HNOa-AI (N03 ) 3  as the first 
dissolving medium and corrosion by iodine was 
prevented by sublimation of the iodine from the 
heated high nitrate solution and scrubbing the 
off-gases with 2M KOH. 

Continuation of the experimental program by 
Maraman et al. , ( 60 ) Lowe and Magness, (61) Mul
lins and Winchester. (62) a nd Mullins et al. , (63) re
sulted in the development of a dissolving procedure 
using an HNO:1-Al (NO , L solution as the dissolv
ing media. 

The steps in the procedure used ir.. 1949 were: 

1 .  The slag, crucible_ and packing sand were 
placed in a 1 2-liter reaction vessel. 

2. The Al (N03 ) "  solution ( ,--O.8M) was 



then introduced. (The total amount of salt added 
was six times the slag weight . )  The surface of the 
l iquid in the vessel was swept with air to rapidl\' 
remove the hydrogen gas liberated during the re
ac t ion of calcium and water. 

3. After' all the calcium had reacted with 
the wa ter and the liberation of hydrogen gas had 
ceased. 1 '5  .6M RNO" was added slowly. Hot water 
was passed through the condenser during the 
RNO , addition 10 prevent the liberated iodine 
from condensing on the walls of the condenser. 
After all the iodine had been removed. cold water 
was passed through the condenser and the reac
t ion mixture refluxed for 6 hr. Sufficient HNO , 
was added to render the slag and crucible solut ion 
,..., 5M in free acid. 

4. Upon completion of the reflux period, the 
solution was filtered through a medium porosity 
sintered glass funnel or through glass cloth. The 
solids were washed with 6M HNO� and the vvash
ing solutions were combined with the filtrate. The 
solution was then diluted with 6M RNO" so as to 
give a solu lion that had a density of ,..., 1 .38 
glml at 25 °C. The solids remaining on the filter 
were saved for leaching with acid . The solutions 
were transferred to an appl icable purification sys
tem such as p lutonium extraction "vith tri-n-butvl 
phosphate or a cation-exchange system. 

. 

Tests of this procedure by several pilot-plant 
runs during the next few months were so success
ful that the procedure was adopted for large
scale processing of slag and crucible. In 1 950. the 
design of a large-scale dissolving system. having 
as its dissolver a 50-gal .  Pfaudler glass-lined kettle. 
was completed . This equipment was installed and 
put into operatioll in early 1 95 1 . « 14 1  The 50-gal .  
kettle had a special lid with three flanged open 
ings arranged so that one opening could be bolted 
to the floor of a glove box. the second could be 
bolted to a water-cooled condenser (connected to 
a dowll pipe which ended in a caustic scrubber 
used to t rap  the iodi l le ill the off-gasses) .  and t he 
t.h i rd could receive pipes for introducing sol utions. 
for air spargillg. and for withdrawal of the final 
product. A sketch of t his equipment is shown in 
Fig. 22. The gasket material at all connections was 
solid Teflon or Teflon-wra pped asbestos envelopes. 

The slag and crucible material to he 
dissolved was f lu t  in the ket t le throuah the o] )enina b to 
i l l  the glove box floor. The opening w as then seal -
ed by a stainless s teel covel' fit ted "vi th a Teflol l 
gash> 1 .  The Al (NO,, ) : and HNO , were added 
through the fill tuhe. following the s teps of th£' 
procedure shown ill Fig. 21. Often the exotherm ic 
dissolution of the MgO sand would become so 
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3/4 I PS LINE FOR I�--������U����N% �='---,J 8 REMOVAL OF 
PROOUCT 

GLASS LINED 
KETTLE - SLAG 8 CRUCIBLE 
DISSOLVER 

WATER JACKET 

Fig. 22. Installation of slag and crucible dissolver i n  
1951. 

violent and the solution so viscous that the result
ant foam would be forced up the reflux condenser 
and over into the caustic solution in the off-gas 
scrubbers. The plutonium carried over to scrubbers 
by the foam necessitated recycling the caustic 
scrub solution, a task that was extremely dis
tasteful since all of the iodine that had been re
moved now had to be removed again. Therefore, 
special efforts were made to add only enough heat 
to start the reaction, with operators staying alert 
to the possible requirement of introducing chilled 
circulating water to the dissolver annulus to slow 
the reaction and thus stop a "foam-over."  

After the reflux step. the solution was with
rl rawn to an overhead t ank from which the slurry 
('oulcl he gravity-fed to the filters in the next 
glove box . The filters used were either a 7-in. 
graphite cylinder, installed as shown in Fig. 24. 
01' a woven glass bag. installed as shown in Fig. 
25 . 

The fil t rate was transferred to the stabiliza
tion step of t he t ri-n-butyl phosphate extraction 
systel 1 l  for removal of plutonium and americium. 
The valence stabilization procedure is d iscussed in 
Sect io l l  H.i  and the solvent ext raction in Section 
H.C). 

Se veral other methods were investigated for 
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F E E D  32. 5 1b reduction residue 
'" 40 g Pu ( from 10 - 360 g .  

reducti ons )  

75 1b AfH N03)i 9 H20 
charqed to dissolvers 

in H2 ° to make 9 gal DISSOLUTION of Mg ° SAND 
air sparge at rate of 2 c f m. off- gas 

5 gal. 1 5 .6 M  H N03 hea ted to 1000 C .  2 .5 gal .  H2O 

scrubbed 
in KOH tank 

, 

SUBLIMATION of IODINE off- gas air sparg e at rate of 2 cfm. 
i 
scrubbed 

n KOH tank 
heat maintained at 1 0 00 C. 

1 .5 gal H2O DI SSOLUTION of Mg ° CRUCIBLE FIrES 
4 gal 1 5 . 6 M HN03 2 hours at 1 0 5 ° C 

, 

7 gal 1 5 .6 M H N03 DISSOLUTION of Mg 0 CRUCIBLE CHUNKS 
2 hours at 105°  C 

, 
6 gal H2O FILTRATION 

Resi due 
S' I I�  removal 

� Filtrate 

Aqueous processing 

Fig. 23. Dissolut ion proc('d u rp for rf'duetiol1 rf'� id IiPs in ] f)!} I . 

the recovery of plutonium from t hesf' sol u t ions . 

such as oxalate or hydroxide carrier-precipita t ions. 
cation exchange, low-acid anion exchange. and 
solvent extraction with organics such as thenoyl
Irifluoro acetone ( TT A) , tri-n-butyl phosphate 
( TBP) . and hexone. with the final choice in 1 950 
being the selection of a TBP-in-kerosene extract ion 
in packed columns. 

5.3 Dissolver Residues 

The residue from the I"il tratiOJI  dis( "usseo in 
Sec tion 5.2 was dried by pulling air through 
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th(' sol ids for severed ho urs. The drying was com
pleted b y  hea t ing the solids from the graphite 
filter (or the solids and the glass filter bag) in a 
pot furnace at 90°C for 1 to 2 hr or until no 
further condensate was obtained in the o ff-ga s 
condenser . Beca use RNO:: would corrodp t l J(' 
Ha stel loy "C" furnace tubes used in the hy dro
l'iuor ina I iOIl sy stf'IIl, 1 he ni I ra  l es were decoll l ])( )Sf't1 
by hea ting thelll nl 2000e for 4 to 6 hI' or unti l  1 10 
more NO" fumes were evolved . The s( )l iu s thus 
prepared wel'(, ready for processing in the SiD , 
removal system described i n  Section 6.4. 
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Fig. 24. Graphite filter for removal of SiD" from 
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OR HEATING WATER 
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NEEDED 
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TO FILTRIIl'E 
RECEIVER 

Fig. 25. Glass doth filter for removal of SiDe from 
dissolved crucible solutions. 

5.4 Geometrica l ly Favorable Dissolve rs 

The diameter of the dissolvers used prior to 
1 958 'was such that the presence of > 1 000 g of 

plutonium could have led to a criticality incident. 
especially if the presence of an unsuspected large 
quantity of plutonium was accompanied by the 
addition of water instead of the HN03-Al (N03 ) "  
solution. Even though the crucible material was 
visually inspected before loading into the dis
solvers. there was always the possibility that far 
more plutonium could be loaded than desired. The 
amount of plutonium credited to the crucible ma
terial was from "by-difference" numbers and 
therefore was far more suspect than if the plu
tonium value had been set on the basis of an 
actual analysis. 

Therefore. in 1 958.  the decision was made to 
design, fabricate, and install geometrically favor
able dissolvers. The shape of the dissolver selected 
for plant installation is shown in Fig. 26. The dis
solving chamber is 8-in.-o.d. Type 3 1 6  s tainless 
steel seamless tubing. with a commercially avail
able weld cap serving as the bottom of the dis
solver. The dissolver is 6 ft  high and has been 
judged to be safe to a plutonium concentra tion of 
1 6  kg in solution or 4 kg as solids. 

The dissolving chamber is  surrounded by a 
1 0-in.-i .d .  stainless steel pipe, thus giving an an-
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Fig. 26. Geometrically favorable crucible <.lissolver. 
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nulus of 1 in. to serve as the steam jacket. In 
calculating the amount of plutonium that would 
be safe in these dissolvers. it was assumed tha t 
the annulus would always be filled with water 
(either as coolant or as steam condensate) and 
that. therefore, the dissolver would always have 
nominal reflection. The crucible material charged 
to the dissolver for each dissolution represents the 
residue from four 400-g plutonium metal reduc
tions. Assuming the worst situation-that no re
duction had occurred and that this fact had not 
been noted-the maximum amount of plutonium 
that could be loaded would then be 1 ,600 g. If an 
operator were to inadvertently run a double batch, 
the dissolver would contain 3.200 g which would 
still be less than the amount needed to form a 
critical mass. Because this would require more 
than two unrelated events to occur before a critical 
mass could be formed. it was deemed that the 
8-in. -diam dissolvers would provide an adequate 
safety margin. 

These dissolvers were installed in the same 
manner as the 50-gal . dissolvers (Section 5 .2) . 
Because the height of the 8-in.-diam dissolvers was 
so much greater than that of the 50-gal . dissolvers. 
and because it was preferred that the dissolvers be 
loaded through the bottom of the glove box, the 
area back of the dissolver glove hoxes was exca
vflted and rebuilt as shown in Fig. 26. 

The crucible material is loaded into a 
screened bucket, the bucket is lowered to the bot
tom of the dissolver. the lid is bolted in place. and 
the first addition of solution is made through the 
dip tube. If the dissolution of the MgO sand by 
the RNO" does not start immediately, then steam 
is sent through the annulus to heat the reaction 
mixture enough to start the dissolution. Other 
residues. such as incinerator ash. Al- 10% Pu al
loy. and iron lids from reduction hombs. are 
loaded with the crucible material. 

Foaming. which al times had been quite se
vere when using the I)O-gal . dissolvers. was ex
pected to be more severe in the 8-in. -diam dis
solvers . In actual operation. however, it was found 
that foaming was much easier to control in the 
new dissolvers. 

After Ihe il litial addition of solutions. air is 
introducecl through the clip tube to sparge the 
solution ancl to aid in the oxidation of the 1- to 
free Ie ancl to carry it through the condenser 
(heated by the reaction ) to the NaOR scrubbing 
towers. The design of the scrubbing towers is 
shown in Fig. 27. The procedure for operflting 
these dissolvers is shown in Fig. 28. Experimental 
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From Condenser 

� 
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of :3 Plotes 
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I 
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Solution Drain 

r----+.�� 
Fig. 27. Caustic scrubbing towe'rs for crucible dis

solvers. 

runs showed that ,....,3 hI' were needed for the load
ing and introduction of the first solutions and for 
the initial exothermic reactions to subside. These 
runs also showed that ,....,2 hI' were needed to re
move all the iodine and that the heat evolved dur
ing the exothermic portion of the reaction would 
heat the condenser enough to prevent condensa
tion of iodine, as long as no chilled water was 
flowing through the condenser or dissolver. After 
determining that 2 hr of reflux were needed to 
dissolve all of the crucible chunks, it was deemed 
best to run the dissolvers on a 24-hr cycle. Thus, 
the removal of the iodine could be accomplished 
during the night by air-sparging and the dissolver 
would be ready in the morning for the next reflux 
step. A flow sheet of the process is shown in Fig. 
28. The rate-controlling step is the removal of the 
iodine. This removal is accomplished in much less 
lime than the 1 6  hI' allowed for this step, but be
cause iodine removal occurs during the nighi, the 
extra air sparge time was used to make the pro
cedure cyclical. 

After the slurry is refluxed for 2 hI' the next 
morning. the solution is pulled through the dip 
tube to overhead tanks behind the bulkhead. as 
shown in Fi�. 29. These tanks enable the operator 
10 feed the solution by gravity to the drum filter 
shown in Fig. 10. The filter medium is a double 
layer of 3 7  X 37 thread count, 1 /1 plain weave, 
spun-staple Dynel with a weight of 6 .75 oz per 
sq yd . Wi th the use of this drum filter, which was 
designed in cooperation with Eimco Filter Co. of 



F EED 
15 Ib Reduction Residue - 2 0 g  
P u  ( from 4 - 360g Reductions) 

Charged to Dissolver 

DISSOLUTION of Mgo SAND 
Air sparge at rate of 2 cfm . 

9 12.  2.2 M Ai. (N03� Heat with steam until steam 

1 2 Jl. 1 5 6 M H NO 
condensate reaches 1 05° C 

4 a. . H -0 3 ( approx . 3 m in\ no chilled water 
2 

flowing through condenser ) 

Proceed after exothermic reaction begins 
to subside 

SUBLIMATION of I O D I N E  
1 4 ..Q.  1 5 . 6 M  H N03 Scrubbed in 3hour air sparge before ad dition Off- G as 

of acid. t hen continue air sparge 
for at least 2 hours . 

No OH towers 
No OH discarded 

DISSOLUTION of M g O  CRUCIBLE 
Solution heated to 105° C  for 
2 hours. air sparged at 2 cfm .  IOQ 16M H N� 

Cool to between 50S 90· C 

F I LT RATION 
Solids with a high Pu content 

H 2 0  added during transfer of 
solution to filter feed tanks. 

Fi ltrate I Leached 
ReSidues 

Anion - E xchange System 
Removal 

Fig. 28. Flow sheet for geometrically favorable slag and crucible dissolvers. 

Salt Lake City, Utah, al l  solutions from the three 
dissolvers can be filtered in less than 1 hr. The 
filtrate is clear and is immediately ready for the 
feed treatment step where the plutonium is 
stabilized in the tetravalent state by the urea
NH�OH-NaNOo method discussed in Section 8.3.  

High plutonium content residues from the filtra
tion are put back in the dissolver or a 5-liter dis
solution vessel and leached by refluxing with 1 2M 
HNO" at 1 05°C for 2 hr. After fil tration the 
leached residues are transferred to the hydro-

fluorination system for removal of the SiOo. de
scribed in Section 6.4. 

The filtrate is combined with the initial 
fil trate and t ransferred to the feed treating s tation 
of the nitrate-exchange system. The amount of 
acid and Al (NO�) : solution added during the dis
solution process is so selected that the fluoride 
from the reduction material is com pIe xed to pre
vent corrosion of the stainless steel, and sO tha t the 
final filtrate is ,.....,2M in free acid. If the acidity is 
greater than 3M, the stabilization of the tetra-
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Fig. 29. Installation of crucible d i ssolver, filter feed tanks, and scrubber tower. 

valent plutonium becomes difficult with the re
agents mentioned above. (See Section 8 .3 . ) After 
d igestion. the solution is brought to 5.5M in RNO : 
by the addition of 1 5 .6M RNO : .  This RNO , con 
cent ratioll is satisfactory for feed to a nitra te 
anion-exchange column. provided that the total 
NO,,- concentration is near 12M because of the 
Al (NO,, ) : that has been added. This solution is 
then sampled for plutonium accountability and 
transferred to a storage tank pending receipt of 
the analytical data. When the analytical data are 
received . the solution is fed to the nitrate anion
f'xchange columns in this system. 

5.S Dissol ution of Casting Residues 

The MgO-2% SiO" casting cl'Ucibles are pro-
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cessed in the dissolving equipment described above. 
using a modified procedure because no iodine is 
present in these residues. These residues do not 
contain fluoride and, therefore, no Al (NO") ,, is 
added. Thus the weight of MgO crucible that can 
be dissolved in each step can be greater than the 
weight of reduction residues in the previous pro
cess wi thout exceeding the solubility limit of ni 
trate salts. The procedure for these residues is  
shown in Fig. 3 1 .  The dissolution procedure can 
he cycl ical if dissolutiotl of the crucible fines is 
started early enough in the afternoon so that tlw 
exothermic reaction will begin to subside beforf' 
the end of  the "vorking day. The solution can then 
be n ir-sparged during the night, accomplishing 
rnoLlgh dissolution with the residual heat of reo 
action so that all the crucible chunks will be dis-
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Fig. 30. Drum filter for Si02 removal. 

solved during the 3-hr reflux the next morning. 
This method permits the maximum time for load
ing and unloading the dissolver, the most critical 
periods in the procedure. Usually, an attempt to 
shorten the procedure by continuing to apply heat 
during the dissolution of  crucible fines will re
sult in such a violent reaction that solution will 
be forced over into the caustic scrubbers with the 
resultant task of reprocessing a large volume of 
solutions. 

After dissolution, the slurry is transferred to 
the overhead filter feed tanks, along with the last 
addition of 1 7  liters of water. for filtration in the 
same manner as for solutions obtained from re
duction residues. The filtrates are transferred to 
the plutonium stabilization step of anion-exchange 
systems described in Section 8.6. The residues are 
transferred to the hydro fluorination system de
scribed in Section 6.4 for conversion of the SiO" 
to the volatile SiF4, 

F E ED 
20 lb M g  0 crucible 

Charged to dissolvers 

DISSOLUTION of CRUCIBLE FINES 
1 5 .6 M HN0 3 air sparged at I cfm. heated until 

----------------�� 
solution temperature reaches 

off- gas NaOH 
Scrubber 

2 6 1 

105° C 

No further external heat applied 
until exothermic reaction subsides 

DISSOLUTION of CRUCIBLE CHUNKS 
off-gas 

s�a
u��er 

heated at  1 0 5  ° C for 3 hours _ 

101 16M HN03 

FILTRATION 
��::;ntwith a high

, 
Pu 

dynel cloth on rotary drum filter Leached 
L..-. _____ -,-_____ ......l Residues Si 02 Removal 

, Filtrate 
Aqueous processilg 

Fig. 3 1 .  Procedure for dissolution o f  MgO casting crucibles. 
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Chapter 6. PROCESSING NONCOMBUSTIBLE RESIDUES 

6. 1 Classification of Residues 

At Los Alamos, the noncombustible residues 
are arbitrarily divided into two classes : those that 
can be decontaminated by an acid leach of the 
surface, and those that must be decontaminated by 
an acid dissolution of plutonium salts, mainly 
Pu02; the latter are usually intimately mixed with 
similar sized particles of nonradioactive materials 
such as silicates. 

6.2 Su rface Conta m i nated I tems 

Items such as tantalum molds and crucibles. 
sintered glass frits, stainless steel filters, and 
Alz03 crucibles are generally cleaned of plutonium 
by refluxing with a solution of 1 0M HNO,,-O .05M 
HF for 2 to 4 hr. The acid is drained from the 
reaction vessel through a filter, usually a Buchner 
funnel with medium sintered glass frit. and the 
leached items and solids on the filter are rinsed 
with water or dilute HNO:1• The rinsed items are 
then monitored with a (3-"1 meter of the Victoreen 
variety and discarded if little or no radioactivity 
is detected, Or recycled to reduce the radioactivity 
to acceptable levels. Items to be discarded are 
monitored again for plutonium content by meas·· 
urement of the neutron emission before disposal. 
Equipment for the leaching process generally con
sists of a 5-liter round-bottom glass flask modified 
as shown in Fig. 15 .  

Contaminated media from the absolute filters 
used in the air exhaust system are leached once 
with 1 0M HNO" and then transferred to the hy
drofluorination system discussed in Section 6.4 
for Si02 removal. 

The remaining items that require a surface 
leach_ such as metal dies, containers, and plastic 
bags, are processed in equipment that is com
patible with the shape. weight, and size of the 
item being processed. Items such as cast iron re
duction bombs or metal dies can often be quickly 
decontaminated by dipping them into 8M HNO:; 
until the surface reaction is general and then 
rinsing them with water to stop the reaction. Large 
items that are too unwieldy for dipping are cleaned 
in a plastic tray by scrubbing them with 8M HNO:1 
or, in rare cases, 6M He!. As with other processes. 
the leach solutions are assayed for plutonium con
tent and transferred to a recovery system that is 
compatible with the anion present. The leached 
items are monitored for plutonium contamination 
and either recycled or discarded. 
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Plastic items vary in size from the small 
metallurgical mounting blocks to large ( >26 in. 
diam by 6 ft long) plastic bags. The metallurgical 
mounting blocks are usually so deeply contami
nated that they must be burned rather than 
leached. By heating the blocks in a muffle furnace 
at that temperature at which the vapor pressure 
of the plastic approaches atmospheric pressure. 
and with a large flow of air passing over the 
beaker. the plastic can be removed, leaving only 
an impure oxide of plutonium to be leached. 

Plastic bags are monitored for plutonium con
tamination and discarded if the (3-"1 emission is 
trivial or they are cut into strips and leached 
either with hot 1 0M HN03-O. 1 0M HF using an 
air bubbler to provide agitation in equipment 
similar to that shown in Fig. 1 5  or with 1 0M 
HNO : at room temperature with the equipment 
shown in Fig. 32. The plastic strips are agitated 
by the flow induced by the high-speed discharge 
of the recirculating acid pump. After treatment of 
a batch of plastic strips. the basket is raised, 
drained dry, and then rinsed with water in a 
second unit. The leach and rinse solutions are 
periodically filtered. analyzed, and processed in 
one of the ion-exchange systems. The leached 
plastic is rinsed with water and monitored for 
(3-"1 radiation as an indication of plutonium con
tamination to determine whether to discard or re
cycle. If the contamination is localized, as de
termined by monitoring, such a spot is cut out and 
burned in the incinerator. 

Rubber items_ particularly dry box gloves_ 
generally can be adequately decontaminated by 
wiping them with a cloth wetted with water or 
dilute HNO::. The sooner this operation is per
formed after removal of the items from service. the 
easier is the decontamination operation. Items that 
have been compressed in storage for a long period 
will generally require leaching in the agitator 
(Fig. 32) or monitoring and remova) of hot spots 
for incineration. (Routine incineration is not 
practiced because all incinerator systems investi
gated volatilized far too many tars that woulo 
escape with the off-gases before complete ignition 
could occur. thus rapidly plugging any filter sys
tem that may be placeo oownstream. )  

The training of operators to wipe the surfaces 
of rubber gloves immediately after removal has 
resulted in the discarding of > 99% of such items 
on the basis of both (3-"1 and neutron monitoring. 
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Fig. 32. Equipment for leaching plastic strips. 

6.3 I nc i ne rator Ashes 

Ashes from the incineration of rags, paper, 
wood, and other combustibles contain appreciable 
quantities of plutonium varying from 0,2 to 
5 7 %  by weight. For this reason, considerable ef
fort has been spent to determine the optimum re
covery method. 

In 1 953, investigative work showed that the 
ashes, even though heated to r-'350°C in the in
cinerator, contained an a ppreciable quantity of 
water-soluble carbonates. (ro:.)  It was shown that the 
reactive carbonates could be removed by a water 
or acid leach or by heating to 600°C for 1 to 2 hr 
in a stream of air. Since it was usually difficul t 
to obtain good air contact with each particle of 
ash without the construction of special furnaces, 
i t  was decided to use a water or acid leach as the 
first step in the process. 

Various reagents were then tried in an effort 
to dissolve the PuO" that was formed during in
cineration. Solutions of HCI-KI were found to 
dissolve a considerable portion of the PuO�. but 
.were abandoned because of corrosion by the 
chloride ion and the free iodine, formed rapidly 
by air oxidation of the iodide. The experimental 

study of the reaction between various HCI-KI 
mixtures and PuO" was reported by Bjorklund in 
1 91}4. (41 ) 

Other solutions were tried in 1 953, including 
NaOH metathesis, HBr. HN03, HN03-HF, H2SOJ• 
HF. and HNO,,-AI (NO'l ) :,, (65 ) The experimental 
data showed that even though all these solutions 
would solubilize the plutonium to some degree_ 
�nly two, HNO,,-HF mixtures and HF. showed 
promise for a production process. The corrosion 
problems involved in handling 47% HF solutions 
were. as expected. severe; subsequent develop
ment work was therefore l imited to the HNO,, -HF 
system. 

By 1 954, experimental data as well as pro
duction dat a  had firmly established that the best 
procedure involved successive leachings with fresh 
portions of 1 0M HNO,,-O.5M HF. (6;;) Dissolution 
rates could be improved for particular batches by 
varying the molarity of the constituents of the 
leach solution. but not enough improvement was 
achieved to warrant the expenditure of manpower 
to determine optimum concentrations for each 
small batch. Therefore. t he process selected for 
routine production leaching of incinerator ashes 
was based on a water or acid leach to remove 
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carbonates, successive leachings with 1 0M HNO,,
O.SM HF until the plutonium concentration of 
the leach solution had decreased to less than 1 
g/liter, and a final water leach to remove the 
HNO:: prior to hydrofluorination to remove the 
SiO� . 

This leaching procedure was used in 1 960 
with a cascade dissolver to process several hun
dred kilograms of ashes at the rate of SOO g/hr. 
The cascade dissolver, a line drawing of which is 
shown in Fig. 33, was based on the design of a 
unit that was operated at Rocky Flats Division of 
the Dow Chemical Co. ( 66 ) The point and rate of 
introduction of the various solutions are also 
shown in Fig. 33.  The ashes were not leached 
with water Or dilute acid before introduction to 
the cascade dissolver, because this would involve a 
tedious drying step before the ashes or residue 
could be introduced at a continuous uniform rate. 
By adding the 1 0M HN03-O.SM HF in the first 
section, dissolution of PuO� would start immediate
ly. Because of the large quantity of acid-consum
ing components in the ashes, it was found that 
some of the acid had to be replaced to maintain 
an appreciable dissolving rate in each of the cham
bers. The large amount of F- present continued to 
corrode both glass and stainless steel equipment 
nfter leaving the dissolver. This corrosion was pre
vented by adding an Al ( N03 ) 3 solution at the 
1 5th stage. 

Maintenance of the dissolver has been limited 
to replacement of the stirring rods and propellers, 
which wore away rapidly when the ashes con
tained carborundum. During continuous opera
tion over a 1 2-month period. the corrosion rat e  
was so low that the dissolver remained inviolate. 
The resulting slurry was filtered through graphite 
cylinders. The filtrate contained from 1 to 20 g 
of plutonium per liter and was tramferred to an 
ion-exchange system for removal and purification 
of the plutonium. The solids were transferred to 
the hydro fluorination system for removal of the 
SiO� . 

The quantity of ashes produced has decreased 
to the point where it is not practical to operate 
the cascade dissolver and. hence, ashes are now 
being processed on a batch basis. The procedure 
consists of a dilute HNO� leach to remove the 
more soluble items, a water leach to remove the 
HNO:)_ a hydrofluorination to remove the SiO�. 
and. finally, a fusion with K�S"07-NaF to remove 
the remaining plutonium. The fusion process is 
discussed in Section 6.S .  

6.4 Sil ica Solids 

The need for a method to remove SiO� be
came apparent with the first dissolution of MgO 
reduction crucible in which SiO� was used as n 
binder. Silica also enters the process stream as a 

Acid Inlet, 7 50 mQ/hr 
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result of \\"idespread use of various HNO ,-HF mix
tures in glass equipment. As is well known. there 
is a considerable amount of postprecipitation of 
silica from acid solutions. especially when the 
acid or salt concentrations are adjusted . Even if a 
method could be devised to completely remove the 
SiOe from the solutions obtained from dissolving 
reduction crucibles by dehydration and filtration, 
for example, SiO" would still appear in other areas 
because of the large-scale use of glass equipment 
in the presence of HF. 

Investigation of various methods and con
sideration of the extremely varied types of solu
t ions that are encountered led to the decision to 
remove the SiO" by filtration, a method that is 
compatible with every conceivable recovery solu
tion. In-line filters placed j ust ahead of ion-ex
change columns, for example, would protect the 
resin while collecting a residue which would be 
similar to the solids from filtration of reduction 
crucible dissolver solutions. In this manner. silica 
removal could be treated as a single problem 
rather than as a variable changing with each type 
of feed solution. 

Because the silica was now in the form of a 
solid residue, the known reaction of HF with 
SiO" to form the volatile SiF, appeared to be a 
rromising line of investigation. ( G7 ) Experimental 
work showed that the SiOe could be removed by 
hydrofluorination with only an insignificant loss 
of plutonium. (G7 .  G8) The process in 1 95 1  consisted 
of heating the SiOe to 400aC for 1 2  to 1 8  hI' to 
drive off water and HNO,. and then passing 
gaseous HF through the solids at the rate of 500 
g of HF per hour for 1 5  hr with the furnace under 
a vacuum of 1 to 2 in. of Hg to aid in volatilizing 
the SiF., that was formed. (68) 

The design of the first production-scale 
furnace was completed in 1 952; the furnace was 
installed shortly thereafter. This system employed 
a large-diameter, shallow tray as the reaction 
chamber. Operation of this unit showed that it 
was difficult to seal against the upper lid when 
the tray was lifted into position by an air cylinder 
and that the method of passing the gaseous HF 
over the surface of the solids gave such poor con
tact with the solid particles that only a small por
tion of the SiOe was removed. 

In 1 953.  the design of the furnace was 
changed to that shown in Fig. 14, a unit that 
employed a small-diameter tube and end plate 
system that allowed the gaseous HF to be passed 
in at the bottom. through the residue bed, and out 
the top. carrying the volatile SiF4 with the off-gas 

stream. ( G!» The SiF, and excess HF were scrubbed 
from the off-gases by the caustic scrubber shown 
in Fig. 35 before the off-gases came in contact 
with the stainless steel pipes and pump. Corrosion 
beyond the scrubber has been trivial, as evidenced 
by the maintenance-free operation of the pump for 
an average of 2 runs per day over a 1 2-year 
period. 

Although this furnace so improved the ef
ficiency of SiO" removal by hydrofluorination that 
by 1 954 the process had been shortened to an 8-hr 
run at 1 50aC, the operation still was not satisfac
tory. Therefore, an experimental program was 
started in 1 954 to determine the water content of 
silica solids that would result in the most rapid 
reaction rate. (70 ) It soon became apparent that 
temperatures of � 1 50aC during hydrofluorina
tion reduced the rate of removal of Si02. Experi
ments were made on silica cakes containing 23 to 
92% moisture with various drying and hydro
fluorination temperatures and various flow rates 
of gaseous HF. The data from these runs showed 
that silica solids with an apparent moisture con
tent of ,.....,60% resulted in the most rapid and 
complete removal of SiO" and, by starting the hy
drofluorination at room temperature and not add
ing heat other than that provided by the heat of 
reaction. that the reaction would be complete in 
20 to 30 min. The present equipment consists only 
of the reaction tube and caustic scrubber system. 
The flow sheet for this process is shown in Fig. 36.  

The residues to be processed are leached with 
water to remove all the HN03 and nitrate salts 
that may be present because Hastelloy "c" is cor
roded quite rapidly by HN03• The leached resi
dues are dried to ,.....,60% water content by heating 
them in a tray on a hot plate until the solids just 
lose their gummy quality. Analyses of the dried 
product from several runs showed a water content 
ranging from 58 to 71 % by weight. 

The dried residues are placed m the 4-in.
diam tube reaction chamber made of Hastelloy 
"C" shown in Fig. 34. The bottom filter is a porous 
platinum frit and the top filters may be either a 
screen woven with 3-mil platinum wire, 80 to the 
inch. or a Kel-F porous plastic frit. The filters 
keep plutonium particles in the tube. The plati
num filters can be readily cleaned, and reused. 
whereas the Kel-F filters must be discarded after 
a few runs because of plugging. The reaction 
chamber is positioned in the main tube and bolted 
in place. and the lids are installed to make the 
system ready for hydro fluorination. Gaseous HF 
is introduced at a rate of ,.....,650 g Ihr to the re
action chamber, which is at room temperature 
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when the run is started but soon warms to ,......, 80°C 
because of the heat of reaction. The hydrofluorina
tion is normally complete in 20 to 30 min, thus 
consuming only 325 g of HF. 

Because the reaction chamber is kept under 
l O in. Hg vacuum, the gaseous reaction products 
and the excess gaseous HF are swept out of the 
chamber through the caustic scrubber to the 
vacuum pump. Caustic solution is pulled from the 
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caustic storage tanks to the top of the scrubber. 
along with the off-gases from the fluorinator. As 
the caustic and off-gases flow down over the baf
fles, the corrosive F- is removed from the gas 
stream by dissolving in the caustic phase. The 2M 
KOH scrub solution is also used to seal the 
vacuum pump. This solution is recycled until the 
plutonium concentration reaches 1 X 1 0.4 gjliter. 
at which time it is discarded. 
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Fig. 36. Hydrofiuol'ination system for silica removal. 

After the hydro£luorination has been com
pleted. the reaction chamber is immediately un
bolted and removed from the fluorinator. The re
action residues, mainly carborundum solids and 
some water. are filtered using a graphite cylinder 
so that the residues can be leached with HNO�
AI (NO, ) ,  to dissolve any PuF. that may have 
been formed . This leach solution often contains 
as much as 3 g of plutonium per liter of solution. 
The leached residues are transferred to the bulk 
fusion system for final processing. 

When feed to the crucible dissolver system 
consists solely of standard reduction residues, the 
fluorination residue will amount to r-' 1  % of the 
leached residue and the leached residue will be 
about 0. 1 % of the weight of original reduction 
residues d issolved . AlJ leach and scrub solutions 
that contain more than 1 mg of plutonium per 
l iter are transferred to an ion-exchange system 
for processing. 

6.S Acid I nsol uble Residues 

During early work with plutonium, i l  'was 
realized that a method other than leaching witl1 
acids would be needed for refractory oxides and 
residues for which leaching was uneconomical or 
infeasible. Incinerator ash residues fall into this 
category because, after 3 Or 4 leachings with fresh 
portions of HNO,,-HF, the amount of plutonium 
dissolved with each successive leach decreases to 
less than 1 g/liter or about 5 %  of the plutonium 
that was in the solids .  Other residues difficult to 
leach to the discard level were AlcO:; tubes and 
crucibles, carborundum solids. etc. 

In 1 944. Pittman et al. ( 5 ) reported that the 
most efficient method for dissolving plutonium 
oxide or carbide involved a fusion with KCS20, at 
a ratio of 8 parts flux to 1 part oxide or carbide. 
The mixture was heated at r-'800°C until the 
molten material solidified. After cooling the mass 
to room temperature, i t  could be readily dissolved 
in water or dilute HCI . However, this fusion be
came less effective as the impurities in the ma
terial to be dissolved increased. Work showed that 
this fusion method could be used on many plu
tonium- or uranium-contaminated residues, even 
reduction residues, by increasing the flux-to-resi
due ratio. Work on this topic was not resumed 
until 1 950, when experiments involving fusions 
with either pyrosulfate or NaOH were made. (71 ) 

Development con tinued sporadiea l ly during 
the next yeal', t rying various salts as a flux for 
the fusion, including Na:!CO::, K:!CO::, NaOH, KOH. 
NaHSO., NH.F, ( NH' ) 2S20" and mixtures of 
K:!ScO, and NaF. In 1 95 1 ,  Johnson and Pritchard 
reported(H ) that the best solubility was obtained 
with a flux of 1 0  parts KCS20, to 1 part NaF. using 
(i parts of this m ixture to 1 part p lutonium resi
due and heating at 550°C for Z hr. This mel t 
readily d issolved in an HNO::AI (NO,, ) :: mixture. 
Fusion with  NH ,F also resulted in the conversion 
of the plutonium to an HNO ,-soluble form, but 
the problems caused by the volatility of the NH,F 
led to its abandonment . This KcScO,-NaF fusion 
procedure was l lsed during the next few years 
mainly as an analytical tool in refractory PU02 
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analyses or in the recovery of a few refractory 
PuO� pellets in platinum crucibles. 

In 1 959, the accumulation of acid -insoluble 
residues reached such proportions as to force at
tention to the need for a large-scale fusion pro
cess. It was felt that the chemical problems in
volved in the scale-up would be insignifical).t, but 
that the container would possibly be a limiting 
factor. To be sure, large size platinum crucibles 
could be fabricated, but their cost would greatly 
reduce the economical advantage of the fusion 
process over a leaching process. An exploratory 
program to find a satisfactory container resulted 
in the selection of Hastelloy "e" for the construc
tion of the fusion crucibles. Process data accumu
lated since then have shown that this material is 
resistant to corrosion by the K2S20,-NaF fusion 
mixture. (72 ) With such information available. 
equipment. including a 5 -in.-diam pot furnace, 
was installed in 1 961  for handling Hastelloy "e" 
fusion crucibles. The crucibles were made by 
welding a Ys-in. thick plate on one end of a 1 0-in . 
piece of 4Y2 -in. -o.d. tubing ( lis-in . wall thickness) 
and drilling two holes near the open end for in
sertion of a lifting bail. The volume of these cru
cibles was sufficient to allow the processing of 250 
g of residue per batch and still allow ample free
board for the foaming that sometimes occurs dur
ing fusion. 

After the fusion melt has cooled to room 
temperature. it is loosened with the aid of a 1,4-in. 
pistol-grip air hammer and transferred to a 6-in.
diam glass tube dissolver equipped with a stain
less steel steam coil. With this equipment. shown 
in Fig. 37, the melt is readily dissolved in 1 0M 
HN03·O.3M AI ( NO"L. leaving only solids such as 
carborundum undissolved but nearly quantitative
ly free of plutonium. Analyses of residues from 
1 75 batches have shown that the solids will COB
tain < 0.05% plutonium by weight ;  since the resi
dues are less than 1 0 %  of the original hulk . 
weight, the plutonium loss is insignificant. 

This process. shovm in the flow sheet in Fig. 
38. has been used for over 750 batches of acid
insoluble residues, yielding discardable residues in 
every instance. The fluoride content has not im
paired the sorption of plutonium on anion-ex
change columns mainly be€ause the fluoride has 
been tightly complexed by the added aluminum. 

6.6 Gra ph ite 

Graphite residues such as filters l l sed in the 
fil t ration of acid solutions and as molds in the 

42 

fabrication of plutonium metal pieces created th(' 
need for a graphite decontamina tion method. 

Prior to 1 955,  the decontamination of graph
ite residue was accomplished either by leaching 
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Withdrawal tube S <ir bubbler 

stirrinQ 

r;==�,,--- SStteceo]mm Coil 
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Fig. 37. Equipment for dissolving melt from K�S"O ,
NaF fusions. 
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the crushed or broken pieces of graphite with 
HNO ,-HF or by ignition in a muffle furnace. Both 
of these methods were rather slow. As the quanti
ty of graphite residues rapidly increased during 
1 951  and 1 952, it became apparent that a more 
efficient method of plutonium recovery would be 
needed. Since leaching methods did not appear t o  
offer much hone because o f  the deep penetration 
of graphite residues by plu tonium, a ttention was 
turned to various methods of ignition. In 1 955, 
experiments showed that  large amounts of graphite 
could be burned in the same incinerator used for 
rags and paper. (73) This process is discussed in 
greater detail in Section 7.2. This method resulted 
in the ability to burn ,--- 1 0  liters of broken graph
i te pieces in a s tream of oxygen in about 90 min. 
:yielding only ,---40 cc of ash. ( 74) 

While this method was being used to process 
graphite residues, another experimental program 
had been started to find a coating for graphite 
residues that would reduce the depth and amount 

of plutonium penetration. In 1 960. Pritchard and 
Anderson published details ( 7:J ,  T G )  of a calcium 
fluoride coating method that dramatically reduced 
the plutonium penetration . As a consequence. 
l eaching processes appeareJ to offer a much faster 
method for removal of what was now actually 
only surface contaminat ion . This was substantiated 
by experimental work that showed that refluxing 
wi t l t  8M HNO ,-0.05M HF would remove all the 
contamination . By segregating the graphite resi
dues according to the amount of (3-y emission, the 
bulk of the graphite could be discarded without 
l eaching. 

Rased on this information, the process for de
contaminating graphite residues was established 
to include monitoring of large pieces for plutonium 
contamination, leaching of contaminated pieces 
and all fines with 8M HNO,,-0.05M HF, and in
cineration of graphite pieces that could not be 
decontaminated by leaching. The flow sheet for 
this process is shown in Fig. 39. 
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Chapter 7. PROCESSING COMBU STIBLE RESIDUES 

7. 1 Deve lopment of I ncinerator for Con
ta mi nated Material 

The cost per gram of plutonium recovered is  
very dependent upon the plutonium concentration 
in the residues. The more dilute the plutonium. 
the more the nonradioactive material that has to 
be processed to obtain a gram of plutonium. The 
ratio of the 'vveight of the nonradioactive material 
to the weight of plutonium is often very much 
greater in solid residues, such as rags, than .in 
solutions. The plutonium can be rather easIly 
scavenged from solutions by ion-exchange or pre
cipitation methods to the designated minimum con
centration level. The plutonium in solid residues 
such as rags. paper, and wood, however, cannot 
be economically scavenged by a single method. At
tempts were made to leach rags that were relative
ly rich in plutonium with various nitric acid solu
tions. Although leaching often reduced the plu
tonium content essentially to zero, the leach pro
cess required about three times more man-hours 
per gram of plutonium than incineration. ( 7 i )  

One of the most common methods for volume 
reduction of residues such as rags is ignition, thus 
removing components that are volatilized while 
burning or heating to a few hundred degrees 
centigrade. The resulting ashes can then be pro
cessed as an impure PuOc. Therefore. develop
ment work was started in 1 95 1  on the design of 
an incinerator for combustible residues, (78) in
cluding paper, rags, wood, emery paper, rubber 
gloves, graphite, and plastics. The incinerator was 
installed during early 1 952 and the first cold .run 
was made in September 1 952. After a few mmor 
modifications. the incinerator was used for con
taminated rags in December 1 952. The design and 
operation of this incinerator has been reported by 
McNeese, Maraman. and Chronister(70 )  and by 
McNeese and Maraman. (80) A sketch of the burn
mg chamber is shown in Fig. 40. 

Operation of the incinerator soon showed that 
the firing pin and ignitor holder had to be cleaned 
after every three runs; ( 7 7 )  the procedure was later 
modified to permit igniting the combustibles with 
a match. When a new glove box was installed and 
the opening of the incinerator was moved to the 
floor of the box. the opportunity was taken to de
sign a new incinerator lid, shown in Fig. 4� , in
corporating a venting system to prevent bmldup 
of dangerous pressures in the incinerator due to 
rapid, 

combustion. The vented gases are carried 

44 

through the relief duct to the unloading section of 
the box where the gases could safely be allowed to 
expand . The remaining portions of the incinerator 
are the same as those reported by McNeese and 
1\1araman in 1 960. (80) 

The procedure for the operation of the in
cinerator is given in Fig. 42. With this procedure. 
12 liters of dry rags can be processed in about 2 
hr. yielding 1 00 to 1 50 ml of ashes . The incinera
tor off-gas scrub and the vacuum seal solutions are 
filtered after every three to five runs and analyzed 
for plutonium content to determine if the solutions 
should be recycled or discarded. 

When the incinerator was designed it was 
thought that rubber gloves and plastics would also 
be burned in this system, but operation showed 
that incineration of large amounts of rubber gloves 
and plastics resulted in such large quantities of 
tars in the scrubber and off-gas lines that the filter 
would be plugged after only one or two runs. In 
addition, the off-gas lines were quickly coated with 
tars. necessitating steam cleaning after every few 
runs to prevent buildup of a hazardous amount of 
combustible tars. 

Corrosion of the incinerator was markedly in
creased when polyvinyl chloride bags were burned 
because the chloride that was released during 
burning formed HCl whenever it came in contact 
with water. Therefore. the decision was made to 
severely restrict the amount of plastic or rubber 
that could be burned to only those pieces that 
monitoring indicated still contained appreciable 
quantities of plutonium after leaching with HNO". 
As a result, the operation of the incinerator has 
become routine and the frequency of steam clean
ing has declined to once for every 400 runs. Cor
rosion has been minimaL with the bubbler tube 
being the only item replaced in nearly five years 
of operation. Approximately 1 ,800 runs were 
l l1ilde in this period. 

Another source of potential trouble is the 
processing of cotton rags that have been used to 
wipe up after nitric acid spills. If the rags have 
been stored in that condition, a considerable 
quantity of nitrocellulose will have been formed. 
The explosiveness of the nitrocellulose is well 
known . During early operation of the incinerator, 
nearly illl the rags were nitrated to some degree 
ilnd, as il consequence. several minor explosions 
occurred, some severe enough to dislodge a port
cullis-type door but not so violent as to breach 
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Fig. 41 .  Burning chamber for incinerator used after 1960. 
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Fig. 42. Operation of contaminated residue i ncinerator. 

glove box integrity. This problem has been al
leviated by requiring that cotton rags be rinsed 
with H�O immecliately after being in contact with 
HNO" . 

The ashes are collected after each run and 
recluced in a ball mill to particles that will pass 
through a 20-mesh screen. The ashes are sampled 
£01' plutonium. using the normal analytical 
quc!rtering method . The samples are fused with 
NaF-KzS20, and dissolved in HNO,,-Al (NOa ) :: .  
The plutonium content of the resulting solution 
is determined by routine radioassay methods .  Such 
analyses have shown plutonium contents ranging 

from 0.2 to 57 .0 wt % .  The processing of these 
ashes and similar process sol ids is discllssed in 
Section 6.3 .  

7.2 I g nition of Gra ph ite 

The incinerator ( Fig. 41 ) has been modified 
to burn graphite residues ( i2 . n ) by use of a smaller 
burn basket. The operating procedure consists of 
covering the bottom of the 6-in .-diam basket with 
charcoal to a depth of approximately Y2 in. and 
then adding the graphite residues to within 1 in.  
of the top. The graphite residues are covered with 
a Y2-in. -thick layer of charcoal. followed by a 
Y2 -in.-thick layer of cheesecloth. The material is 
then ignited, lowered into the burn position, and 
subjected to a stream of oxygen at a rate of 1 .2 
cfm. The electrical resistance heaters are used in 
whatever combinations are necessary to maintain 
a chamber temperature of 450°C. 

With this basket and burn procedure. up to 
:')60 g of graphite can be consumed in about 2 hr. 
leaving a burn residue of less than 1 0 % of  the 
original residue weight.  ( i � )  This weight can be re
cluced by igniting the residues at 600°C in a 
stream of oxygen in a muffle furnace. 

The advent of CaFe coated graphite molds and 
crucibles made i t  possible to quantitatively remove 
the plutonium by leach methods. as reported in 
Section 6.6. and hence the incineration of graphite 
residues is performed only when several leach 
cycles have proved to be unsuccessful. 
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Chapter 8. PROCESSING PLUTONIUM SOLUTIONS 

8. 1 Development of Procedu res 

Prior to July 30. 1 945. the recovery of plu
tonium from solutions was accomplished by Pro
cess "A", consisting of oxalate and acetate pre
cipitations and two ether extractions as shown in 
Fig. 1 .  After July 30, 1 945, the acetate precipita
tion was omitted and the modified process, Pro
cess "B" (Fig. 3 ) ,  was used until September 1 945, 
when the ether extraction was discontinued. Thus, 
after September 1 945 only an oxalate precipita
tion was used to purify plutonium prior to con
version to metal until 1 947, when experimental 
work with ion-exchange resins, both anion and 
cation, and with solvent extraction led to the in
stallation of packed columns for use with tTi-n
butyl phosphate (TBP) and cation-exchange 
columns for separation and purification of plu
tonium. 

The use of TBP in the packed columns and 
in mixer-setter columns and pump-mix trays for 
processing filtrate from the dissolution of slag and 
crucible and for processing miscellaneous soluticJlls 
was continued until 1 959. 

Use of cation-exchange columns was aban
doned in 1 952 to avoid the undesirably large 
volumes that had to be created by diluting solu
tions of high salt content with H20 or 0.5M HNO" 
at a ratio of 1 0 volumes of diluent to each volume 
of solution in order to sorb the plutonium on the 
resin. 

In 1 958 and 1 959, the investigation of the 
use of a nitrate anion-exchange column "vas re
sumed, based on data published by Ryan and 
Wheelwright of Hanford. (81 ) the method used by 
Pringle and Williams of Rocky Flats. (82 ) informa
tion published by Durham and Mills of Chalk 
River, Canada, (SR) and information obtained at  
Los Alamos. ( 8 4 .  S:;. 8 0 .  S 7 )  The investigation showed 
that nitrate anion-exchange columns could be 
used at room temperature. if the flow rate was 
slightly reduced, to obtain adequate loading rates 
and decontamination factors. 

On the basis of distribution data from trace 
l oading experiments. impurity elements of interest 
may be divided into three groups. (3R ) The first· 
group (magnesium. aluminum, iron. cobalt, cop
per. tantalum. americium, gallium. chromium. 
nickel. and manganese) exhibits no sorption on an 
anion·exchange column and hence quickly passes 
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through the column, leaving purified plutonium on 
the resin. The second group (molybdenum, zir
conium, mercury, bismuth, uranium, the rare 
earths. osmium, ruthenium, and rhodium) shows 
weak sorption and thus can be removed from the 
column without disturbing the plutonium by 
washing with 7M HNO�. The volume of wash re
quired for each of the impurities varies from 6 
column volumes for zirconium to > 20 column 
volumes for bismuth. 

Elements in the third group ( thorium, nep
tunium, platinum, palladium, and iridium) are 
strongly sorbed by the resin. (33) Of these, only 
thorium and neptunium follow the plutonium dur
ing the elution cycle, thereby giving good separa
tion of plutonium from platinum, palladium, and 
iridium. These elements act as a poison to the 
resin; when appreciable quantities of these ele
ments have been processed, the resin must be dis
carded because of decreased efficiency. The normal 
degradation of resin, however, is caused by alpha 
radiation and high concentrations of nitric acid. 

Thus, only thorium and neptunium cannot 
be separated from plutonium by the ordinary ni
trate anion-exchange method. At Los Alamos, the 
thorium is removed either by precipitation of 
ThF.. from a PuO,2 + solution or by a chloride 
anion-exchange method in which the thorium 
passes through with the effluent. These methods 
are discussed in Section 8.4.4 and Section 8 .7, re
spectively. 

The neptunium may be removed by either a 
nitrate or a chloride anion-exchange system with 
special conditions. In one method, the neptunium 
and the plutonium are sorbed on the column and 
the plutonium is selectively eluted by using a 
strong reducing agent in a solution with a high 
enough nitrate concentration to keep the neptuni
um on the column. In the other method, the 
plutonium is kept from being sorbed on the 
column by reduction to the trivalent species prior 
to the loading step and thus the plutonium passes 
through the column with the effluent. The Pu3 + 
species is easier to obtain and maintain in the HC] 
media and chloride anion-exchange is thus the pre
ferred method for plutonium-neptunium separa
tions. 

Since the decontamination factors are suf
ficient fo), all elements except neptunium and 
thorium, the nitrate anion-exchange system. with 
a sufficient number of column washes. can be 



used as a one-step purification process. Therefore, 
the use of solvent extraction columns and pump
mix trays was discontinued and the entire plant 
was converted to ion-exchange processes. The types 
of ion-exchange columns, type of resin, and 
separation made in each are : 

1 .  Nitrate anion, Dowex-1 X4 (50 to 1 00 
mesh) for normal processing of all solutions that · 
do not contain thorium. 

2. Nitrate anion, Dowex-1X4 ( 1 00 to 200 
mesh) for the separation of plutonium in process 
areas where the column is gravity fed. 

3. Chloride anion, Dowex-1 X4 (50 to 1 00 
mesh) for the separation of plutonium from 
thorium. 

4. Cation exchange, Dowex-50W, X-8 (50 to 
1 00 mesh) for separation of plutonium and other 
cations from anions such as chloride, sulfate, ci
trate, tartrate, fluoride, and from water-soluble 
organics such as acetone and pthyl alcohol. 

Duplicate columns for some of the above 
categories were set up so that solutions with a 
high plutonium concentration could be routinely 
sent to one column and solutions of low plutonium 
concentration to another and thereby maintain 
some degree of uniformity in feed treatment. 
acidity, and feed flow rate. With these ion-ex
change systems, the impurities in the feed solu
tion determine to which system the solutions are 
sent. The use of anion-exchange columns is dis
cussed in Section 8.6. 

8.2 C hloride Solutions 

The use of the cation column for the removal 
of plutonium from solutions containing chloride 
proved to be very advantageous. Prior to the use 
of such a column, the chloride was removed by 
distillation of the HCI from HN03 solutions. The 
solution containing the chloride was transferred to 
a glass-lined dissolver. An equal volume of 1 5 .6M 
HN03 was added and the volume was reduced to 
about half by distillation. More 1 5 .6M HNOs was 
added and the distillation was repeated. After 
three or four such distillations, the chloride con
tent of the evaporator bottoms was usually less 
than that which could be detected by the silver 
chloride method. This distillation method required 
the use of glass- or plastic-lined equipment. 

Even with lined equipment, the downtime for 
maintenance was high and the slurry that was 

left after the last distillation contained a large 
amount of solids. These solids had to be removed 
by filtration before processing of the solution co�ld 
continue and the solids had to be leached wIth 
HNOg-HF before they could be discarded. This 
process was very time-consuming and the solids 
often proved to be very difficult to dissolve. 

Experimental work had shown that the cat
ion ·exchange system could be used to obtain 
chloride free solutions. This system was installed 
in 1 95 7  and used until 1960, when experiments 
were made to determine the amount of chloride 
that could be tolerated in various nitric acid con
centrations in stainless steel equipment. Since 
chloride, at low concentrations, does not complex 
plutonium, the amount that could be tolerated 
would be determined by the rate of chloride cor
rosion of stainless steel. Experiments with Type 
316, 304, and 347 stainless steel showed that when 
(he HNOs concentration was >3M, 1 M  chloride 
could be present at ronm temperature without 
causing corrosion of the stainless steel equipment. 
At the end of 1 2  months' immersion, the weight 
loss was only 0.4 mg from a 4 g coupon of stain
less steel. Since this amount of chloride could be 
tolerated at room temperature, the solutions con
taining chloride could be diluted with 7M HNOg 
until the chloride was ::;; 1M and then be handled 
as if they were HN03 solutions. These solutions 
could then be processed in the nitrate anion-ex
change systems that had stainless steel components 
because evaporation is not used at any point in 
the processing of dilute plutonium solutions. The 
only evaporation used is in the dissolution of PU02 
'md plutonium metal. 

8.3 Stabil izing Plutonium Valence 

As is now well known, plutonium, in aqueous 
solutions, can exist in four valence states, either in 
a single state or in nearly any combination of all 
four valences. The potential required to change 
from one valence state to another is  small enough 
so that a particular valence can be obtained by 
proper selection of type and sequence of addition 
of various oxidizing and reducing agents, It  is this 
property of plutonium that has permitted or great
ly eased the task of separating plutonium from 
all other cations. 

Many oxidizing and reducing agents have 
been used during the years of investigation of 
plutonium chemistry at Los Alamos. From this 
work has evolved the preference for ferrous am
monium sulfate, HNO�, hydroxylamine, sulfite, 
nitrite, permanganate, and dichromate as the 
standard reagents, reserving HI, bromate, hydra-
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zine, and others for the special occasions when 
either a more powerful agent is needed or when 
the end products can be tolerated by the process 
and the equipment. 

At Los Alamos, certain procedures have been 
established as the routine methods of converting 
plutonium to a desired valence. 

For a nitric acid medium, trivalent plutonium 
is obtained by reducing the H +  concentration to 
< 3M and then adding, at room temperature. 1 .5 
moles of NH�OH-HNOo per mole of plutonium. 
The HNO" concentration must be less t han 3M to 
prevent the violent HNO:!-NH�OH reaction . The 
reduction to trivalent plutonium is usually com
plete in 1 hr. For large volumes of solution, the 
addition of hydroxylamine is often preceded by 
addition of urea to remove any nitrite that would 
consume some of the reducing agent before it could 
react with plutonium. If the solution contains 
complexing agents such as oxalate, sulfate, citrate. 
and tartrate. it may be necessary to increase the 
digestion time as well as add a stronger reducing 
agent such as ferrous ammonium sulfate to quanti
tatively reduce the plutonium. 

Trivalent plutonium has been obtained on a 
semiproduction basis by electrolytic reduction, (R ) 
but this method was abandoned when chemical 
reagents proved to be satisfactory. 

The oxidation of trivalent plutonium by 
HNO:, can be delayed by the addition of a small 
amount of sulfamic acid. a procedure often used 
to prevent gas evolution during the elution of 
trivalent plutonium from a cation-exchange 
column with 6M RNO" . The length of time for 
which the trivalent plutonium is stabilized by the 
�ulfamic acid is. of course. dependent on the rate 
of formation of NO" by light, heat. and radiation . 
Tf trivalent plutonium is desired in > 3M HNO : .  
reducing agent s  such as hydrazine or semicarba
zone must he used . In a HCl medium, trivalent 
plu tonium may be obtained with hydroxylaminf' 
at much higher acidities than in an HNO : medium. 

The preferred procedure for obtaining tetra
valent plutonium involves reducing all the plu
tonium to the trivalen t state with NH"OH'HNO : 
and the subsequent oxidation to the tetravalent 
state with NaNO". The standard procedure for ob
taill ing tet ravalen t plutonium solutions for solvent 
extract ion or ion exchange is  shown in Fig. 4'3 .  
The quantita t ive reduction to t rivalen t plutonium 
i� required to assure tha t pun? I will not be pres
en t in the final solution. 

50  
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dilution with H2O 
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OXIDATION - REDUCTION 
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REDUCTION 
of Pu to trivalent state 
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J 
OX IDATION 

of Pu to tetravalent state 
1 5 min. at room temperature 

� 
ready for use in subsequent 
operations in any separation 
system 

emperature 

Fig. 43. Stahilization o f  tetravalent plutonium. 

As early as 1 944, PuO�2+ was being obtained 
by oxidation with NaBrOa by heating to 85°C for 
-4 hr. or by heating with Na2Cr20. to 85°C for 1 0  
hr. ( R )  The Na2Cr20. method proved to be trouble
some during later acetate precipitations and was 
abandoned in favor of the bromate method. ( 3 ,  1 )  

For certain recovery separations, PU022 + is  
now obtained by adding 50% excess Na2Cr201 and 
heating at 90°C for 2 hr. The excess chromate 
:;erves not only to assure complete oxidation of the 
plutonium but also to provide a holding oxidant 
during subsequent precipitations or extractions. 

8.4 Precipitation Methods 

Many plutonium-bearing solutions contain 
only those cations which can be removed by a 
precipitation method. This section discusses the 
rrecipitation methods that have been used, the 
types of solutions sent to these precipitation pro
cesses, and the effectiveness of each process. 

8.4. 1 Prec i pitation of Pl uton i u m  Oxa
late 

The separation of plutonium and uranium 
was accomplished in 1 944 by the precipitation of 
plutonium oxalate. (:.) The procedure. whose flow 
sheet is shown in Fig. 44. involved oxidation of 
uranium to DO::? + s tate, reduction of plutonium 
to the trivalent state with HL and precipitation of 
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Fig. 44. Flow sheet for s-eparation of plutonium and 
uranium by precipitation of plutonium oxa
late. 

the plutonium t ri-oxalate by addition of HeC"O , ·  
2HeO. The dissolution of the oxalate cake was ac
complished by fuming with HN03-HzSO , until 
the oxalate was completely decomposed and the 
red sulfa te was formed. This wns rendily dissolved 
in dilute HCI. 

The preClpltation of plutonium oxalate. 
either trivalent or tetravalent, is used with solu-

cipitation of tetravalent plutonium oxalate in tha t 
the reagents  may be added rapidly and a large 
excess of oxalic acid may be 8dded v,rithout ap
preciably increasing the filtrate losses or the fil
tra t ion time. The flow sheet for this process is 
5hovI'n in Fig. 45 . 

One disadvantage of this system. when used 
for a solution with a large amount of iron, is tha I 
if the mixture in the precipi tation vessel is stirred 
for a long time during the plutonium valence re
duction step, some of the iron is reduced to the 
ferrous state by the NH"OH·HNO" and may then 
precipitate because ferrous oxalate is not as solu
ble as ferric oxalate.  The time required for iron 
reduction. however, is sufficient ( > 45 min) to al
Iow a reasonable digestion time for the reduction 
of the plutonium and complete filtration and 
washing of the filter cake without exceeding the 
maximum permissible iron concentration of the 
product. 

The preCIpItation of the trivalent oxalate is 
also used as the concentration step of the nitrate 
ilnion-exchange columns and was used as t he con
centrat ion step in the solvent extraction work. The 
Jlitrate anion-exchange columns are eluted with 
O.3M NHzOH-HNO" and therefore the plutonium 
in the eluate is already in the t rivalent state. 
Thus, only oxalic acid need be added to precipitate 
the plutonium oxalate. The resulting oxalate is 
ignited to the oxide and the oxide is dissolved in 
HNO ,-HF to produce a plutonium nitrate  product 
that is acceptable in the metal preparation l ine. 

F E E D  
400 g P u  
1 0 10 2 0 g  Fe 

Volume 4 Liters 

tions that contain iron, aluminum. or other cations IQ 1 .2 M NH.OH · HNO. 

that rio not form insoluble oxalates. The precipita-
t ion of the tetravalent oxalate  results in better 
purifica tion from iron, but requires careful addi- 400g H.C2 04 · 2 H. O  

I.ion of reagents 10 produce a filterable precipita te. 
When t he oxalic acid is added too rapidly, the 
precipitate particles are very fine and the filtra-
tion requires much time. In addition, enough 
oxalic acid must be added to precipitate the maxi-
mum amount of plutonium but, if  this amount of 
oxalic acid is appreciably exceeded. the plutonium 
hegins to form soluble complexes with the oxalate 
anion and redissolves, thus increasing the fil trate 
losses. 

o,ssolved ,n H N O. HF 

to Anion 
Exchange 

The conditions for preClprtation of trivalent Fi�. 45. Flow sheet for plutonium oxalate precipita-
plutonium are not nearly as critical as for pre- tioD. 
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The filtrate from the precipitation of the 
Iriva1ent oxalate has an average plutonium con
centration of 5 X 1 O-� g/liter. This can be lowered 
somewhat by careful control of acidity and an 
extended digestion time, but even so the plutonium 
concentration of the filtrate cannot be reduced to 
the discard level of 1 X 1 0-:l g/liter and must 
Iherefore be reprocessed . Thus. there is no purpose 
in striving to reach the discard level for each of 
these precipitations. Since we do not seek to reach 
the discard leveL the precipitation can be finished 
quickly, thus keeping the iron content of the cake 
l ower. and much time need not be spent in setting 
"lp or attaining special conditions. 

The purity level of the cake depends. natural
ly. on what cations were present in the feed and 
at what concentration. For the cake obtained from 
the processing of eluate from the nitrate anion-ex
change columns. the plutonium is fairly pure 
( < 1 000 ppm impurities, based on plutonium) .  If 
the cake was obtained from the precipitation of 
plutonium from other solutions, the cake will  con
tain all of the insoluble oxalates and a certain 
amount of iron. depending on the length of diges
tion time. Normally. the products from the pre
cipitation of batches containing 2 .5% iron, based 
on plutonium. will contain < 1 00 ppm iron, based 
on plutonium. if the digestion time is less than 45 
mIn. 

The tetravalent oxalate precipitation is usual
ly used only when it is desired to make a gross 
separation of the major portion of the plutonium 
from uranium. Two disadvantages of this precipi
tation are the frequency of occurence of a pre
cipitate that is hard to filter, and the need for 
careful control of the amount of oxalic acid added 
for the precipitation. The solubility of tetravalent 
plutonium oxalate goes through a minimum as 
the concentration of the oxalic acid is increased. 
This precipitation also gives high decontamination 
factors for iron and aluminum. 

8.4.2 Calc ium Oxa late Ca rrier Prec ipi
tations 

Early in 1 952, i t  was found that plutonium 
conld be scavanged from many types of solution 
by the homogeneous precipitation of certain oxa-
1ates. One of the most promising procedures in
volved the use of calcium as the carrier. The labo
ratory and plant development work was described 
hy Maraman and others in 1 954. ( S S )  The final 
p�ocedure req uired the addition of Ca (NO , ) c lo 
I he solution to be processed, reduction of hydrogen 
ion concentration by dilution or neutralization to 
--, 1 M. cooling to room temperature. the addition 
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of reducing agents such as NH�OH'HNO:: to ob
tain trivalent plutonium, the addition of H�C"o." 
2H�O to ----0 . 1 111 uncomplexed C20.,2-, and, finally. 
the addition of NaOH to O . lM H + . After the white 
CaC"O. had been allowed to settle, the supernatant 
was decant-filtered and analyzed for plutonium 
content. If the desired uncomplexed C20.J2- con
centration had been obtained, the plutonium con
centration would always be below the discard 
level of 1 X 1 0-4 g/liter. based on total IX analysis, 
,,0 tha t the solution could be discarded. 

The solids and supernatant remaining in the 
precipitation tank were slurried to a 250-gal. ,  
glass-lined, steam-jacketed, Pfaudler kettle where 
the solids were to be dissolved in HNO". Plant 
operating experience soon showed that it was 
difficult to maintain the acid strength that would 
oxidize the oxalate. If all the oxalate was not de
stroyed in this step, then both plutonium and 
calcium oxalate would precipitate when the solu
tion was diluted in the next step of the process. 
Destruction of the oxalate could be assured by 
the addition of strong oxidizing agents such as 
KMnO. , but it was felt that the additional steps 
then required to get rid of the oxidizing agent and 
the resulting reduced components made the process 
unattractive, and it was therefore abandoned in 
1 954 in favor of solvent extraction or anion-ex
change. 

8.4.3 Prec ipitation of Plutonium Pe r
oxide 

A peroxide precipitation is  used to separate 
plutonium from elements such as cerium, cobalt. 
lanthanum, and magnesium, and relatively small 
amounts of aluminum, iron, and bismuth. A sum
mary of the separation data is given by Leary and 
others. ( 8V .  VOl In the Recovery Section at Los 
Alamos. plutonium solutions containing up to 2.5 
wt % of iron are routinely processed in the batch 
equipment in this system. This amount of iron 
can be tolerated if the system is adequately cooled. 
The equipment used for precipitations on the 400 
g plutonium scale is shown in Fig. 46. 

The rate of addition of the H;02 is dependent 
upon the type and amount of impurity present. 
The procedure for the routine precipitation of 
plutonium peroxide is given in Fig. 47. The filter 
cake is washed with 5 %  H20,,-0.5M HNO:, to re
move the last traces of the impurity. The acid is 
added to the wash solution to prevent the cake from 
breaking into smaller particles which then dras· 
tically slow the rate of filtration. After the cake 
has been washed with five 1 50- to 300-ml por
tions of the wash solution, the cake is air dried for 



Typical of Tubes 
for : 

I .  Vacuum 
2.  Vent 
3 .  Chilled 

Circulating 
Water to 
Cooling Coi I 

4. Wash Water 
5. Reagent 

Addition line 
6. Feed 

Introduction 

Ceiling of Glove Box 

Stainless 
Steel 

Channel 

6" Dia. Glass 
Pipe 

Aluminum 
Flanges for 
Glass Pipe 

Teflon Gasket -----'-� 

Air Sparge Tube ---

Gla ss Equipm.:.:.e.::.:n.:.:.t_-< 

Fig. 46. E quipment for batch precipitation of plutonium peroxide. 
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FEED PREPARATION 
odd proper quantities of H20 or 
HNO,to brilllJ [H� t0 3-4M ond 
Hz S04 to final SO." Concentration 
of 0.15M 

PRECIPITATION of PEROXI DE 
odd Hz 0z slowly until precipitate 

30%Hz Oz has started to form. Discontinue 
addition of Hz Oz if temperature 
of solution cannot be held at 

<: 2.0·C 

analyses for Pu a. H +concentration 

5'41\ O� 0.5 I!! HNO to H20. d.struc�on 
Wash 8 recycle 

to HN03 dissolution 

F i g. 47. Procedu re for precipitat i o n  of plutonium 

peroxide. 

a few minutes .  The cake is then slowly added 
to 500 ml of 1 5 .6M HN03• The initial portion of 
the peroxide cake dissolves rather slowly and the 
initial plutonium in solution is mainly in the 
t rivalent state. After about one-third of the cake 
has been added and the temperature has increased, 
the plutonium is rapidly oxidized to the tetraval
ent state by the nitrite and high nit ric acid con
centration. As soon as this point has been reached. 
signified by the sudden release of large amounts 
vf NO" fumes. the remainder of the cake can be 
ildded rapidly to the acid mixture. After all the 
peroxide cake has been dissolved, the solution is 
cooled to  room temperature and fil t ered . This solu
tion is then transferred to the metal preparation 
jine for conversion to metal. 

The excess I-LO" in the fil t l " i1 t(' l J l  us 1 be de
stroyed immediately i lftel '  fil t l'il t io l l  wid eSl 'eciillly 
before transferring the solutiol l  10 one of the ion 
exchmlge sys tems for recovel'y of jJl utonium. Of  
the many methods available for this destruction. 
two were selected for use in this plant. The pre
ferred method is to slowly add the filtrate to a 
volume of 9M NaOH. For a filtra te obtained from 
the precipi tation of a i70-g batch of plutonium. 2 
l i ters of CJM NaOH are sufficien t .  After all the 
HcO" has heen destroyed and the solution cooled 
to room temperature. the mixture is acidified with 
HNO" to completely dissolve the hydroxides and 
provide a clear solution il S feed for an ion-exchange 
or solvent-extraction column . This method is used 
for all filtrates except those that contain cobalt. 
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vVhen filtrates contammg cobalt are added to 
caustic, the R:20" is readily destroyed . but the co
balt precipitates as cobaltic oxide. This precipitate 
is insoluble in RNO,; and hence must be removed 
by filtration before putting the solution on an ion
exchange column. Cobaltic oxide is soluble in 
R:2S0. but such a medium is undesirable as far 
as an ion-exchange system for the recovery of 
plutonium is concerned. 

Therefore. for peroxide filtrates contammg 
cobalt. the filtrate is added to 2 liters of 1 5 .6M 
RNO". containing 0.5 mole of ferric nitrate, where 
the high RNO" and the Fe!? " - Fea � couple de
stroy the peroxide. Plant experiments have shown 
that the destruction is complete and that no ex
plosion would be likely even if the entire volume 
of filtrate were dumped into the acid-iron mixture 
if the reaction is performed in an open vessel. The 
reaction is violent and the large volume of gas 
generated must be released as it forms. Because 
50 much gas is formed during peroxide destruction. 
the reaction is carried out in open vessels. allow
ing ample freeboard to accommodate the foam 
caused by the generation of this large volume of 
gas .  

After the destruction of the R:20" by caustic. 
the solution is brought to 7M R + with concen
�rated RNO:; . This solution is then filtered and 
fransferred to  an anion-exchange system for fur
ther processing. The plutonium is not stabilized 
with the usual NR"OR-NaNO" treatment be
cause experiments and plant experience have 
shown that. normally. the plutonium concentra
tion in these solutions can be reduced to the dis
card level without this treatment. 

The solutions from the destruction of the 
H"O" in RNO" are essentially ready for the ni
trate anion-exchange columns. The acidity is 
checked by titration with O. l M  NaOR using KF 
to complex any caustic-consuming cation present. 
These sol utions are also filtered and sampled be
fore t nmsferring to the ion-exchange system. 

8.4.4 Prec ipitation of Plutonium Fluoride 

PuF:l, PuF.I • and KzPuFG precipitations were 
used only briefly in the recovery process at Los 
Alamos. Other methods were favored because 
fluoride precipitation usually gave very low or 
small decontamination factors, and often a pre
cipit�te that was difficult to filter or that required 
speClol hanoling to be of use in successive steps. 

The tetrafluoride precipitation method was 



used in 1 944 to separate plutonium and urani
um. (5 )  After oxidizing all the uranium to UOz2 -i 
by heating the nitrate solution, 6 moles of HF 
per mole of plutonium were added so that the gray 
potassium plutonium fluoride was precipitated. 
following the procedure shown in Fig. 48. This 
procedure was never used on a production scale, 
even though the decol] tamination achieved was 
satisfactory. 

2B M HF 

FEED SOLUTION I 1M HN03 - I g /.1. U - 10g/..2 pUJ 
� 

OXIDATION of ulY to U Oz + + 
I by heatinQ for 2 hrs at BOo C 

! 
SOLUTION PREPARATION 
odd K N03 to 2 moles K + per 

mole of Pu plus on additional 

3 males of K +  

FLUORIDE PRECIPITATION 

odd 6 mol .. of HF per mole 
of Pu plus on additional I t02 
mole / liter excess JDigest 30 min. 

CENTRIFUGATION 

washed with several portions 

of H2 0 

J Solids 

DISSOLUTION 
solids fumed with H2 S04 to 

remove H F, red Pu sulfate then 

dissolved in H2 0 - HCI 

i Solution 

Hydroxide precipitation 

� Recycled 

Fig. 48. Separation of plutonium and uranium by 
precipitation of potassium plutonium tetra
fluoride. 

A variation of this procedure was used in 
1 944 to separate plutonium and cerium. (5) In this 
procedure the plutonium was oxidized to PU022 + 
with NaBrO;, in an HNO" solution and the cerium 
was precipitated as the fluoride by adding excess 
HF. 

The fluoride precipitation has been used ex
tensively in the separation of plutonium and 
thorium. In this procedure the plutonium is oxi
dized in PuOz2 + and held there with NazCrO., . 
Then either KF or HF is added to precipitate 

ThF.J •  The precipitation conditions are given in 
the flow sheet shown in Fig. 49. The precipi tate 
obtained is difficult to filter, but its volume is so 
small that a poor filtration rate can be tolerated 
as long as the product is pure. The thorium con
tent of the filtrate is low, but it can be reduced 
even further by the addit ion of La (N03 ) : which 
acts as a carrier for ThF,  when it precipitates as 
LaF3 . (5 . 91 )  Analytical data show that the product 
generally contains less than 50 ppm of thorium. 
H20Z can then be added slowly to the filtrate to 
reduce the chromate to chromous and the PuOz2 + 
to Pu4 + .  After the reduction is complete and the 
solution made 0 . 15M SO ..  2-, continued addition of 
HzOz results in the precipitation of plutonium 
peroxide. After washing with 5 %  HzOz-0.5M 
HN03, this compound is dissolved in HN03 to pro
vide a nitrate feed for the metal preparation line. 

FEED 
400 9 Pu, 109 Th 

2M H +  
Volume 4 literG 

OXIDATION 

900e for I Hour 

I Cooled to Room 1 Temperature 
10 mQ. 28 M H F  

PRECIPITATION 

Fig. 49. 

J Allowed to Settle 
F 

Residue Discorded 
ILTRATION 

<0. 1 %  Pu by welQht I Filtrate i < 50 ppm Th, based on Pu 
To Peroxide Procipltotlon 

Flow sheet for separation of plutonium and 
thorium by fluoride precipitation. 

In 1 962, it was found that a good separation 
of plutonium and thorium could be obtained by 
converting the solution from a nitrate medium to 
a chloride medium and the solution passed through 
;} chloride anion-exchange column. (92) If the Hel 
content was ,......, 7M and the nitrate content was 
< 3M, then the plutonium would be sorbed on the 
column while the thorium passed on through with 
the effluent. The effluent generally contained less 
than 1 mg Pu/liter. At this level the solutions 
could be discarded. Because the solutions were 
7 M HC!. they could not be handled or transferred 
to waste disposal facilities in stainless steel equip
ment. Laboratory tests showed that if  the solution 
was made > 3M HNO , and O.5M Al (NO" h 
chloride concentrations of up to 2M could be 
stored or transferred in stainless steel equipment 
without corrosion. A safety factor was provided 
by limiting the chloride concentration in plant 
solutions to a maximum of 1 M. The handling of 
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chloride solutions in this manner was acceptable 
as long as the solutions were not heated. Solutions 
of this nature have been p rocessed and transferred 
in stainless steel (Type 304, 3 1 6. or 347 ) for three 
years without causing any more corrosion than 
nitric acid solutions alone would have caused. 
This method of handling chloride �ol u tions is dis
cussed further in Section 8.2.. 

The chloride effluents could be processed in 
normal plant equipment with no detectable cor
rosion .. but the equipment for the 7M HCl sorption 
of plutonium exhibited severe corrosion. This cor
rosion also extended to the walls of the drybox 
even though the walls had been coated with a 
thermosetting plastic. Wherever bonding of plastic 
to stainless remained intact. corrosion was pre
vented. In areas where the plastic layer was sub
jected to severe mechanical abrasion or flexing, the 
plastic was generally so brittle that it  would crack. 
thus allowing HCI vapors to contact metal. As 
corrosion progressed. more plastic would be 
loosened adjacent to the crack and corrosion would 
spread. 

Therefore, since an acceptable separation o f  
plutonium and thorium can be  obtained with the 
fluoride precipitation method and since corrosion 
problems are much less severe. it was decided to 
abandon the chloride anion-exchange method in 
favor of the fluoride precipitation of thorium. 
This method is now used with a dilute HF wash 
of the ThF4 precipitate, which results in leaving 
less plutonium wit h  the residue. ( 93 )  Products con
taining < 50 ppm of thorium are routinely ob
tained in the present equipment .  

8.4.5 Precipitation o f  Pluto n i u m  H y
d roxide 

The low solubili ty of plutonium hydroxide 
suggested that this precipitation might be useful 
in the recovery of plutonium. Small-scale experi 
ments in 1 944 showed that the plutonium con
centration of the supernalant would be low 
( < 1 X 1 o-� g/liter) , even if strong com plexing 
agents such as citrate were present. Further work 
showed that the plutonium concentra tion could be 
reduced further if cations. such as iron or alumi
num. were present to act as carriers. (�. 7) VVith 
such a method superna tants containing < 1 X 1 o-� 
g/liter of plutonium were routinely obtained . Th is 
method has several disadvantages, however, that  
prevent i t  from being used as a routine recovery 
process. Among the disadvantages are poor filtra
tion rate, poor purification fac lors, and sometimes 
incomplete dissolution of precipitate by acidifica
tion alone. 
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Plutonium hydroxide is a gelatinous pre
cipitate having many of the filtration character
i s t ics of aluminum or ferric hydroxide. The filtra
t ion rate can be increased by the use of a di
a tomaceous earth filter, but the volume of in
soluble residue which must be subsequently pro
cessed is then increased. The diatomaceous earth 
can readily be disposed of by formation and vola
tilization of SiF, ( see Section 6.4) , but such a 
second step should be avoided if a more suitable 
one-step method can be found for the recovery of 
plutonium. 

Such a one-step method was the nitrate anion
exchange columns discussed in Section 8.6. With 
ion-exchange. not only could satisfactory plutoni
um recovery be made, but satisfactory purification 
could also be obtained from all elements  except 
neptunium and thorium in a one-step process. 

The hydroxide precipitation method can be 
used to remove certain impurities by selection of 
either NaOH or NH40H as the precipitating agent .  
With NaOH. amphoteric or acid elements such as 
aluminum or chromium could be redissolved by 
increasing the pH to > 8 .  If the hydroxide cake 
\\"as dissolved in HNO , and the hydroxides pre
cipi tated with excess NH.OH, elements such as 
silver. copper. and zinc would form ammoniacal 
complexes and remain with the supernatant. If 
alkaline earths were present, the addition of 
NH.OH could be stopped at pH 5-6. thus pre
venting formation of alkaline earth hydroxides 
and the alkaline earths could be removed with the 
supernatant by filtering before adding excess 
NH .OH. 

Even though early procedures for the puri
fication of plutonium. such as those listed by 
Pittman in 1 947, (7 . � )  employed successive hy
droxide precipitati.ons. the recovery operations at 
Los Alamos now use ferric hydroxide carrier pre
cipitations only for those solutions from which 
plu toni.um cannot be sorbed on i1 nitrate anio11 -
c>xchange columl ! .  A variation of this method i s  
em ployed in t he processing of  the chloride melt 
from the electrorefining process and is discussed in 
Section 4 . 1 0. The procedure for the ferric hy
droxide carrier precipitation process shown jn 
Fig. SO is rlisrusspo i l l  the nex t sec tion . 

8.4.6 Ferric Hyd roxide Carrier Prec ip i 
tations 

By 1 952.. many solu t ions had been received 
or created thal  contained large U l1 loun ts of C01 1 l 
plexing ions such as  c i l rates and phosphates fr0111 
which recovery of the plutonium proved to be 



Solutions containing large 
quantities of Citrate, 

Alcohol, A cetone, etc . 

9 M NaOH 

1 . 2  M NH 2OH · HN03 

Fe (N03)3 ' 9 H2 0 

A� (N03)3 · 9 H2 O  

9 M NaOH 

FEED 

ADJUST [H 1 to-1M 
cool to room temperature 

REDUCTION of  PLUTONIUM 

to trivalent state 
> I hour digestion 

ADJUST Fe + 3 C ONCENTRATION 
to ........ 0. 03 M S the A i.  + 3  

concentration to - 0.02M 

PRECIPITATION 
continue to add the caustic 
until the precipitated aluminium 
hyroxide redissolves . 

D IG ESTION 
stir for 2 hours 

Sample 
1. Pu analyses 

. H+ analyses 2 
3 . Estimation of Fe 

S AI content by 
OH- precipitation 

Stirrer turned off 

SEDIMENTATION 

a l low solids to settle for at least 20 hours so that 
clear supernatant can be rapidly filtered . 

F ILTR AT ION 
withdraw clear supernatant through a dip tube that 
can be kept near surface of I i quid. 

�Slurr y � Filtrate 

Discard 
acidified filt ered, transferred to 
purification process 

Fig. 50. Flow sheet for scavenging of plutonium by ferric hydroxide carrier precipitation. 
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difficult by ordinary solvent extraction methods. 
Although the addition of a large amount of a salt
ing agent such as AI (N03 ) 3  would aid the ex
traction of plutonium by tri-n-butyl phosphate, a 
large number of batch equilibrations or passes 
through a packed column were still necessary to 
reduce the plutonium content to the then existing 
discard level of 1 X 1 0-4 g/liter. Such processing 
consumed so much time, often days. to complete 
as many as 20 batch equilibrations on the 1 50-
gal. scale that a scavenging method was sought 
to decrease man-hours required. Calcium oxalate 
carrier precipitations were rejected because of the 
difficulty in destroying the oxalate ion during the 
precipitate dissolution step. 

A process that seemed to offer the advantage 
of easy dissolution of the precipitate while still re
moving nearly all the plutonium was hydroxide 
precipitation. Experimental work showed that the 
solubility of plutonium hydroxide in these phos
phate and citrate solutions was higher than desired. 
Therefore, a carrier would be needed as a scaveng
er, such as the addition and precipitation of 
AI (OH) " used in 1 945. (7) To be effective, how
ever, the addition of NaOH must be carefully con
trolled so that the hydroxide concentration does 
not reach that point where the amphoteric 
Al (OH) " begins to redissolve. 

Further experimental work showed that the 
precipitation of Fe (OH ) " would scavenge plutoni
um efficiently while still yielding a precipitate 
that could usually be dissolved by acidification 
alone. 

The flow sheet for the procedure used on a 
plant scale is shown in Fig. 50. After the reduc
tion of plutonium to the trivalent state by NH20H· 
HN03, the required amounts of Fe3 + and A13 + 
are added as the nitrate salts. The iron is added 
to serve as the carrier when precipitated as the 
hydroxide and the aluminum is added to serve as 
a visual indicator of when sufficient NaOH has 
been added. To be sure, this indicator allows one 
to add far more caustic than is needed to pre
cipitate the iron, but such an excess is trivial in 
comparison to the total amount of NaOH needed 
and the ease with which operators can recognize 
the end point without expending effort in taking 
nnd analyzing samples throughout the process or 
trying to maintain in-line instruments. By adding 
NaOH until the amphoteric AI (OH ) "  has just 
redissolved, a pH of ,..., 1 0  is routinely reached and 
the plutonium is consistently reduced to < 1 X 
1 0-5 g/liter in the supernatant. 

This process is used only when solutions are 
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received that are not compatible with solvent-ex
traction or ion-exchange methods because of the 
presence of complexing agents such as citrate or 
tartrate. or the presence of organics such as ace
tone or ethanol that will react with high nitrate 
systems. The dissolved hydroxide filter cake 
�erves as acceptable feed for either solvent-extrac
tion or ion-exchange systems. 

8.4.7 MisceUa neous Prec ipitation Pro
cesses 

Many precipitations were investigated on a 
laboratory scale but were never instituted on a 
plant scale because other methods were available 
that would allow recovery of the same quantity of 
plutonium with a much higher degree of purifica
tion. Examples of such methods are the precipita
tion of sodium plutonyl acetate, (3. 1) ferric plu
tonyl acetate, (94) sulfate, double salts of the ni
trate series, iodates, (5 )  AI (OH ) 3 carrier precipita
tions, (7) and p-bromo mandelic acid for plutonium
zirconium separation. (39) 

8.5 Cation-Excha nge Processes 

In 1 945, Duffy and others suggested ( 1 0) that 
a cation-exchange column could be used to remove 
plutonium from the supernatants from peroxide 
and oxalate precipitations. Research continued by 
Mullins and others (85 .  9�, 96) led to the installation 
of 1 6-in.-diam columns using Dowex-50 cation 
resin for the recovery of plutonium from slag and 
crucible dissolver solutions and from solvent ex
traction raffinates. (97) The procedure for this 
operation is given in Fig. 5 1 .  Data collected from 
further experimental work as well as from the 
1 6-in, production columns showed that the dis
solver solutions and raffinates would have to be 
diluted to ::; 1 cation equivalent per liter before 
plutonium sorption would occur to the degree de
sired. Since the dissolver solutions and ra1finates 
contained large amounts of magnesium, calcium, 
and aluminum nitrates ( sp  gr of 1 .4 gjml) , the 
dilution would have to he done with more than 1 0  
volumes of water per volume of solution, Such 
large volumes led to equipment problems and 
eventually to the selection of a batch solvent ex
traction method for the scavenging of the plutoni
um from column raffinates ( see Section 8,9. 3 ) . 

A small (3-in. diam by 24-in. long) ca tion
exchange column was installed in 1 960 for pro
cessing HCI solutions. (98) Since the column was 
on a small scale. it was relatively easy to use glass 
and plastic for those parts which would be wetted 
l:Jy the solution. A line drawing of the column is 
shown in Fig. 52. 



Raffinate from solvent 
extraction columns 

O . I M  H N 03 

I .  Urea 
2 .  Ferrous ammonium sulfate 

3· NH20H ' HN03 

F E ED 
H

+
- 3 M 

Pu - IO mg /'£ 
Sp 9 - I. 35 9 1m! 

DILU TION 
add 9 volumes of 0.1  M HN03 
per volume of raffinate . 

REDUCTION 
of Plutonium to trivalent state 
reagents added separately, in  
order listed, to a concentration 
of O.OOI M. 

I hour digestion 

SORPTION 
solution pumped through Dowex - 50X8, 20 to 30 mesh, 
at a rate of 20 gatlhrlsq f t. feed activity of 
34, 800 c/m 1mJ.. 

L oaded resin / �ffluent 

ELUTI ON Discarded with an average activity 

No Citrate e luate w a s  0. 25M No citrate 
O. OOIM Na N 02 
adju sted to PH 5 

Recycled 
R e s inl IEluate 

of 40 c /m IrnfL - 7  
or�5X 10 9 I� Pu 

Evaporation followed 
by solvent extraction 

Fig. 51.  Flow sheet for absorption of plutonium on cation-exchange resin from slag and crucible dissolver 
solutions. 

The procedure for handling the Hel solutions 
consisted of dilution with H20 to < 1 cation equiv
alent per liter, addition of NH20H·HN03 to ob
tain trivalent plutonium, and sorption on the 
Dowex-50W X8. 50 to 1 00 mesh resin. 

The plutonium concentration in the effluents 
was consistently < 0.05 mg/liter, even with flow 
rates as high as 5 ml/min/cm2• These solutions 
were discarded, thus removing the chloride from 
the plant stream. Plutonium that had been sorbed 
on the resin was eluted with 6M HN03-O.3M 

HS03NH� (sulfamic acid ) ,  thereby changing from 
a chloride to a nitrate medium. A flow sheet for 
this process is shown in Fig. 53. Very little puri
fication of the plutonium was expected or attained 
with this process and, hence, the eluate was trans
ferred to a nitrate anion-exchange column for re
moval of impurities. 

When laboratory experiments showed that up 
to 1M chloride could be tolerated in 7M HNOa 
solutions without corroding stainless steel equip
ment (see Section 8 . 1 ) :  this process was aban-
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Fig. 52. Ion-exchange column for Hel media. 
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FEED 
C I -> 5 g /.Q. 

J 
DILUTION 

H2 O add sufficient H2 0 to reduce 
H + to � 0. 5 M , there by 
normally reducing Cation 
equivalent to '$ I M ·  

1 
1.5 moles of NH20H · HN03. REDUCTION 

per mole of Pu of Pu to trivalent state 

l 
SOR P TION 

of Pu on Dowex 50w-X8, 
50 to 100 mesh resin at a 
flow rate of 5� Anin/cm2 
at room temperature. 

J 
2 Column volumes WASH 

0 .5 M. ffII03-5 % NH20H of column to remove of the C I : 

l 
6 .M.  H NO", - 0.03M ELUTION 
Sulfate acid flow rate of 3 rn.R.. Imin Icm2 

tEluate 
To precipitation or nitrate anion-exchange 

Fig. 53. Flow sheet for cation-exchange column used 
for chloride removal. 

doned and all HCI solutions were merely diluted 
with 7M HN03 until the chloride was :::; 1 M. 
These solutions were then processed routinely in 
any of the several nitrate anion-exchange columns. 

Laboratory experiments to investigate the 
separation of plutonium and uranium by use of a 
cation-exchange resin were started. but, even 
though the work showed promise. i t  was discon
tinued when washing experiments with a nitrate 
anion-exchange column showed that uranium 
could be removed by increasing the volume of 
7M HN03 wash to 30 column volumes (see Sec
tion 8.6 ) . 

8.6 Anion-Exc hange P rocesses 

After 1 959, the recovery operation at Los 
Alamos employed nitrate anion-exchange columns 
as the primary mode of scavenging, purifying, 
and concentrating plutonium. The general pro
cedure for any residue then became: get the plu
tonium into solution, sorb the plutonium on nitrate 

anion-exchange resin, wash with enough 7M 
HN03 to remove impurities, elute the plutonium. 
and then determine which, if any, additional pro
cess should be used to remove remaining im
purities. For example, if the eluate contained 
> 1 00 ppm of thorium, based on plutonium, the 
solution would be transferred to either the ThF , 
precipitation process or the chloride anion-ex
change system. If the eluate merely needed to be 
concentrated, the next step would be precipitation 
of the trivalent plutonium oxalate, as described in 
Section 8.4. 1 .  Experimental work on this system 
has been reported in a series of papers by James 
and Cooper. (34. 99- 104)  The analytical aspects of this 
system were reported by Kressin and Water
bury. (35)  The processing of plutonium metal
lurgical scrap by anion-exchange was reported by 
James and Christensen at the 1 964 meeting of the 
Nuclear Fuel Processing Committee of AIME. ( 3 3 )  

The basic steps of the standard procedure 
used at Los Alamos are to stabilize the plutonium 
in the tetravalent state, bring the feed solution to 
the desired HNO:1 concentration, sorb the plu
tonium on Dowex 1 X4, 50 to 1 00 mesh resin, 
wash with the proper volume of 7M HN03, and 
elute the purified plutonium with 0.3M 
Nn20H·HNO". The details of the procedure are 
shown in the flow sheet in Fig. 54. A schematic 
of the columns and column heads .is shown in Fig. 
55 .  After the downward-flow loading and washing 
steps. the acidity is reduced by an upward flow 
of 1 0  liters of 1 M  nitric acid in preparation for 
elution of the plutonium by 1 0  liters of 0.3M 
NH20H-HNOa. If any plutonium remains on the 
columns at this point, the elution is completed 
using 0.3M NH20H-HN03-O.5M HNOa. The acid 
is added to the second eluate to prevent polymer 
formation. but is not needed in the first eluate 
since enough HN03 will also be eluted to keep 
the acidity at > 0.5M. Although a low HN03 con
centration is sufficient to destroy the sorbable 
tetravalent plutonium complex, it is our experience 
that the desorption times for dilute RN03 alone 
are unfavorable at room temperature for the non
uniform plant-loaded columns. Reduction to triva
lent plutonium improves the desorption rate. in
creasing the efficiency of the operation. 

The selection of the proper HN03 concentra
tion in the feed solution and the proper volume of 
wil"h solution are. of course, the most vital parts 
of this procedure. The HNO" concentration of the 
feed solution may vary from 4M to 9M, depend
ing upon the amount of nitrate salts present and 
the amount and type to anions in the solution 
which may complex the plutonium and decrease 
its sorption by the resin. For example, experi-
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7 M  H N 03 
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Eluate 
regeneration 

To Oxalate Precipitation 
Fig. 54. Flow sheet for general procedure for nitrate anion-exchange processing of plutonium. 

ments at Los Alamos have shown that the scaveng
ing of plutonium from 0.3M Al (N03 ) 3  solutions 
can be done efficiently at 4M HNO:l if no com
plexing anions such as sulfate, fluoride, or oxalate 
are present .  James has shown ( 1 02) that the sorp
tion of plutonium by Dowex-1 X4, 50 to 1 00 mesh. 
increases with increasing AI (NOa) 3 concentration 
at a constant H +  concentration. Wheelwright has 
shown ( 105 )  that plutonium can be successfully re
covered from oxalate supernatants by increasing 
the HN03 concentration to 9M. Data from pilot
plant experiments at Los Alamos have shown that 
a combination of high fluoride and sulfate con
centrations interfere with the sorption of plutoni
um. This effect can be minimized by addition of 
Fe (N03 ) 3  or AI ( N03 ) 3' but the preferred method 
is to process the solution with a high fluoride con
centration ( for example, a solution from the dis-
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�olution of reduction residues )  by itself without 
mixing it with a solution that contains a high sul
fate concentration ( for example, the supernatant 
from a peroxide precipitation) .  

Laboratory experiments have shown that 
large amounts of oxalate (at least up to 0.4M) 
can be tolerated in normal plant solutions ( 7M 
HNO:�-0.2M Al (N03L if the stabilibation pro
cedure for obtaining tetravalent plutonium is fol
lowed, allowing at least 24-hr digestion for the 
NH20H·HN03 reduction step. At Los Alamos, we 
obtain the desired recovery efficiency by using a 
lengthened reduction step rather than by greatly 
increasing the Al (N03 ) :! concentration, which 
may not be consistently successful, or by increas
ing the HN03 concentration, which may accelerate 
degradation of the resin. Wheelwright(105 )  did not 
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detect any increase in resin damage by increasing 
the HN03 concentration to 9M, but the presence 
of impurities such as chromate might change the 
damage rate. or at least decrease the safety factor 
of operating at 7 M HN03• 

James (99) measured the distribution coeffici
ents of several elements from 7 M HNO:l on Dowex 
1 X4. These data are reproduced in Fig. 56. It can 
be seen that the probable impurities can be di-

vided into three groups based on the degree of 
sorption by the resin. namely, those elemen ts  
that are apparently not sorbed. those elements 
that are only weakly sorbed . and those elements 
that are strongly sorbed. This division of elements 
is listed in Fig. 57 .  

After all the 7M HNO:: feed solution has 
been pumped through the 6-in. column, the resin 
bed is washed with 7M HN03. Normally, the 7M 
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ELEMENTS 
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TI  R are  Earths 

U 
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Fig. 57. Classification of elements by degree of so rption on Dowex-IX4 resin from a nitrate media. 

HNO" does not significantly disturb the sorbed 
plutonium but it does remove enough p lutonium 
�o that t he wash must be discarded as hot waste. 
Only one or two column volumes (where volume 
i� defined as void volume) of wash are sufficient 
to remove from the column those element s  tha I  
are not sorbed by the resin phase. This is a mat ter 
of solution displacement rather than desorption of 
the impurity elements . 

The removal of the weakly sorbed elements is 
more complex. One might expect the weakly 
;orbed elemenls t o  be forced out of the resin 
phase during the loading s tep by the advancing 
wave of sorbing plutonium. However, investiga
l ions have shown Iha t  this is  not the case. (33) The 
presence of the plutonium decreases the rate of 
diffusion within the resin phase. Since this is the 
rate controlling mechanism_ the impurities are 
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�omewhat "trapped" by the plutonium. Thus. 
much greater amounts of wash are needed than 
would be predicted by a simple, no-interaction 
model, using the distribution coefficients shown in 
Fig. 56. For example, zirconium with a distribu
tion coefficient of 0.38 should be readily removed 
by 3 or 4 column volumes of 7M RN03 wash, yet 
6 to 8 column volumes are required before the 
zirconium content of the eluate will be reduced 
to < 50 ppm, based on plutonium. 

Similarly, elements such as Hg2 + . Ce3 + ,  
UO} + . and Bi3 + require much more wash for 
their removal than do elements such as Zr4 + , 
La3 + .  and Am3 + even though the distribution 
coefficients vary only from 0.38 to 3.8.  For ex
ample, Ce3 + ,  with a D,. of 1 .Z. can be quantita
tively removed with 40 liters of 7 M RNO,! wash. 
while Hg2 + ,  with a D,. of 1 .3 ,  has been observed to 
remain on the column even after 70 liters of 7M 
HN03 wash. At Los Alamos, several runs have 
been observed in which mercury was not removed 
by 1 4  column volumes of 7M RN03, but was re
moved during the elution of the plutonium. Thus. 
when the plutonium was precipitated as the oxa
late, the mercury also precipitated. During the 
ignition to oxide. the appearance of a red com
pound indicated the formation of mercuric oxide. 
Therefore. when mercury is a known contaminant, 
the volume of 7M RNOa wash is increased to ZO 
column volumes to assure complete removal of 
the mercury. A smaller volume may sometimes be 
sufficient, but the volume saved is negligible com
pared to time spent in analyses or in recycling the 
rlutonium if the mercury content is high in the 
product solution. 

If the feed solution contains mercury but the 
plutonium concentration is low enough so that 
additional solutions will be passed through the 
column until -400g of plutonium have been 
sorbed, then the volume of 7M RNO" wash may 
be reduced if the final feed solutions are free of 
mercury since they will. as far as mercury con
tamination is concerned, serve as wash solutions. 

If molybdenum is present as molybdic acid, 
it will be sorbed on the column with a D, = 0.Z5. 
The molybdic acid can be removed with 4 to 6 
column volumes of 7M RNO". provided that the 
molybdate has not been allowed to form. If it is 
not removed prior to the elution step, then molyh
date will be formed, for which. at dilute acid. 
the distribution coefficient becomes very large 
and at < 0.5M R +  approaches infinity. ( 1 0( ; )  Thus, 
if molybdic acid is present it must be completely 
removed by washing Or it will act somewhat like 
the platinum metals in that it will stay on the 
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resin during the elutioll cycle. During the suc
ceeding loading and washing steps. however, the 
molybdenum oxy-anion will be converted to 
molybdic ion and washed off the column hy 1 1 10 
7M RNO�. 

The procedure used for the separation of 
plutonium and uranium is basically the same as 
for other solutions; however, for solutions with a 
high uranium-to-plutonium ratio. up to 6 to 1 .  a 
longer resin bed is needed. The feed solution is  
fed to the top of the column at a flow rate of 1 0  
liters/hr, which is equivalent to - 1 inljmin/cm2. 
The distribution coefficient of uranium (VI) 
(D, = 3 .9)  is sufficiently high to cause the plu
tonium band to spread down the column more 
rapidly than if a cation with a smaller distribu
tion coefficient was present. Consequently, the 
length of the resin bed must be considerably 
longer for a given quantity of plutonium than 
would normally be allowed. This is accomplished 
at Los Alamos by installing a second Z4-in. long 
column in series if the plutonium in the batch to 
be'processed exceeds ZOO g. The second or backup 
column is not eluted at the end of the run, but is 
disconnected at the end of the washing cycle to be 
used as the lead column for the succeeding batch . 
The columns are washed with 7M RN03. Evalua
tior. of process data has shown that 30 column 
volumes ( - 1 50 liters) must be used to reduce the 
uranium content to < 1 00 ppm based on plutoni
um. The flow rate of the wash may be increased 
to r-JZO liters/hr without significantly affecting 
the desired uranium and plutonium concentration 
of the effluent. If the uranium content of the 
eluate exceeds 1 00 ppm, then the final separation 
is accomplished by either recycling the eluate 
through ion-exchange or by precipitating plutoni
um peroxide or plutonium oxalate. 

The separation of plutonium and cerium has 
hecome a subject of great interest because of the 
selection of the ternary Pu-Co-Ce alloy as the 
fuel for the LAMPRE program. Laboratory ex
periments have shown that Ce4 I is very strongly 
sorbed by the anion-exchange resin. so that the 
first assumption is that cerium will follow the 
plutonium stream through all stages. Fortunately. 
however, the Ce4+ is reduced to Ce3+ by the 
plutonium present. As shown in Fig. 56, Ce:{ I 
has a D, of only 1 .Z. This would then indica te 
that the cerium could be washed from the column 
without disturbing the plutonium and, indeed. 
plant experience has shown that the cerium con
tent of the product is reduced to < 50 ppm, based 
on plutonium. with only 40 liters of 7M HNO , .  

The fraction o f  impurity remaining o n  the 



column as a function of wash volume ( in column 
volumes) for elements that have a distribution 
coefficient of 4 is shown as the curve in Fig. 5 8. 
This curve represents numerical calculations 
which have been verified by experiment. The 
tailing due to kinetic trapping is apparent. For 
elements with distribution coefficients of less than 
4, the curve would be shifted to the left and would 
show less tailing. (34 ) For elements with higher 
distribution coefficients, the removal of impurities 
by washing with 7M HNO., becomes inefficient. 

Although the three platinum metals are 
strongly sorbed by the resin and therefore cannot 
be efficiently removed during the washing step, 
they can be separated from the plutonium be
cause they are not removed by the hydroxylamine 
nitrate solution used to strip the plutonium. The 
decomposition of the nitrate complexes of the 
platinum metals is kinetically inert, so that the 

30rbable anionic complexes remain, even in the 
presence of the lower nitrate concentrations. (sa)  
Thus, since these metals are not removed by 
either the washing or stripping steps as successive 
runs are made with same column, they will poison 
the resin and lower its capacity for plutonium. 
Therefore. using the loading, washing, and eluting 
procedures discussed above, plutonium can be 
separated from all elements except thorium and 
neptunium. 

8.7 Chloride Anion-Exchange Systems 

Thorium can be separated from plutonium by 
use of a chloride anion-exchange system. (92) 
Thorium does not form sorbable anionic chloride 
complexes in a strong hydrochloric acid solution, 
whereas plutonium behaves much the same way 
as in nitric acid. The flow sheet for the procedure 
for separating these two elements by anion-ex-
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change from 7M HCI using Dowex l X4 ( 50 to 
1 00 mesh) chloride form is shown in Fig. 59. 

7 M  HCI 
O.IM HN03 

0.5M HCI 

FEED 
HCI 7 to 8 M. HN03 0.1 to 0.3M 
Pu (IV) 10 to 25 gl.L. Th any amount 
Volume 16 Liters 

SORBED 
on Dowex I X 4 (50- 100 Mesh) CI 
Form I mi/min/cm2 

To Oxalate Precipitation 

Effluent 

Discard 

Pu <IXI0
3

g /l 
all of the Th. 
48 Liters 

Recycled 

Fig. 59. Flow sheet for chloride anion·exchange pro· 
cess. 

The separation of neptunium and plutonium 
can be achieved by reducing the plutonium to the 
trivalent state (with HI or NH�OH'HCI, .for ex
ample) and sorbing the anionic chloride complex 
of neptunium from strong HCI solutions onto 
Dowex l X4 (50 to 1 00)  chloride, letting the 
plutonium pass through with the effluent. The 
separation of neptunium and plutonium can also 
be achieved in a nitrate anion-exchange system; 
however, since strong reducing agents such as 
hydrazine or semicarbazone are required to re
duce the plutonium to the trivalent state in high 
NO-:l systems, we prefer to make the separation in 
the chloride anion-exchange system. 

Several cations interfere with the efficient 
operation of a chloride anion-exchange column. 
such as Fe3 1 . Sb (V) , Sn ( IV) , Hg:? + . cmd 
T13 + .  Therefore, a nitrate anion-exchange column 
is used to remove these elements before the plu
tonium-thorium or plutonium-neptunium separa
tion is attempted in a chloride anion-exchange 
system. 

8. 8 Orga nics 
Organics that have been contaminated with 

plutonium often require special recovery proce
dures because of the incompatibility of organics 
with routine separation processes. The organic 
may be undesirable in solvent extraction systems 
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because of the dilution of the organic phase, the 
creation of stable emulsions that will interfere in 
phase separation, or the formation of  a nonex
tractable species by complexing with the plutoni
um. The organic may be undesirable in ion-ex
change systems because of the possibility of re
acting violently with the 7M HN03 used in anion
exchange procedures, reducing plutonium sorption 
by coating the resin beads, or forming nonsorbable 
species with plutonium. Special recovery methods 
are employed on a batch basis for such organics 
whenever the addition of the organic to the pro
cess stream will have an undesirable effect on the 
routine separation process. 

Organics such as methanol, ethanol, and ace
tone react violently with high nitric acid systems 
such as are found in the nitrate anion-exchange 
processes. For many years the plutonium in these 
reactive, volatile chemicals was recovered by dis
tillation of the volatile component in a high air
flow system to prevent accumulation of an ex
plosive vapor mixture. If only a small amount 
(several hundred milliliters) of such a volatile 
organic had to be processed, the solution was often 
placed in a beaker in a glove box having a high 
air flow and allowed to stand, at room tempera
ture. until the organic had evaporated. The resi
due was mainly a room-temperature oxide of plu
tonium which could be readily and safely dissolved 
in an HNO�-HF mixture. 

Such methods were undesirable when the 
volume of such residues became appreciable. Con
,ideration of other available recovery methods 
suggested that the high nitric acid problem could 
be avoided by using a hydroxide precipitation 
method for the recovery of plutonium. Experi
mental and production data indicated that this 
could be done routinely, reducing the plutonium 
concentration to < 1 X 1 0-4 gjliter using the 
Fe (OHL carrier precipitation described in Sec
tion R.4.6. 

Ethanol and methanol may be disposed of by 
adding them dropwise to a nitric acid solution that 
had been heated to ,..., 1 05 °C. However, such a 
method requires close control because the reaction 
may become violent. These volatile organics are 
now being processed with the electrorefining resi
dues during the NaOH dissolution and precipita
t ion step discussed in Section 4. 1 0. 

Another way in which these alcohol and ace
tone residues h�ve been safely processed is to 
combine them wi th the low acid feed to the cat
ion-exchange column that is used to convert 
chloride solutions to nitrate solutions. The flow 



sheet for this method is shown in Fig. 53 and de
scribed in Section 8.5. This method is satisfactory 
for the nearly quantitative recovery of plutonium 
but no more so than the hydroxide method used 
in processing electrorefining residues. Therefore, 
these volatile organics are processed by whichever 
method is in operation at that moment because of 
the nature of the other residues in the recovery 
system. 

Hydrophobic organics are not compatible 
with ordinary precipitation methods for the re
covery of plutonium, nor is the use of an aqueous 
cation-exchange system particularly amenable. 
Experimentation showed that the most promising 
recovery methods would involve direct filtration 
of the organic or equilibration of the organic with 
an aqueous solution of some plutonium complex
lng agent, followed by filtration and phase separa
tion. 

The direct filtration method is used on inert 
organics such as cutting or lapping oils. The lap
ping oil used during grinding operations is a mix
ture of mineral oil and lard; plutonium particles 
of metal or oxide can be removed by filtration 
through a sintered glass frit of fine porosity. 
Equilibrations of the lapping oil with aqueous 
solutions result in extremely stable emulsions that 
can be broken by heating but not by filtering or by 
standing for several days. The plutonium content 
of the lapping oil is routinely reduced to < 1 0  
mg/liter by this method. 

8.9 Solvent Extraction 
Between May 1 943 and March .1 944, experi

ments demonstrated the feasibility of purifying 
plutonium by precipitating sodium plutonyl ace
tate, dissolving the precipitate in nitric acid, and 
extracting plutonyl nitrate with diethyl ether. (3) 
This system was used from March 1 944 to July 
1 944 for purification of plutonium on the gram 
scale, employing two sodium plutonyl acetate pre
cipitations and two diethyl ether extractions of 
plutonyl nitrate. This process did not, however, 
separate uranium from plutonium. Other elements 
also followed the plutonium and could not be 
brought below the maximum permissible level 
even with repeated cycling. 

Research showed that after the reduction of 
the plutonium with HI, the precipitation of plu
tonium tri-oxalate would leave uranium in the 
supernatant. The combination of this precipitation 
with two sodium plutonyl acetate precipitations 
and two diethyl ether extractions was called 
Process "A" (see Fig. 1 ) .  This process was used 

until July 1 945 when experiments showed that 
the acetate precipitations could be eliminated be
cause the nitrate feed from Hanford contained 
less zirconium and niobium than anticipated. 
Therefore, when purification operations were 
transferred to DP Site in September 1 945, the 
acetate precipitations were eliminated and the re
sulting process of two ether extractions and an 
oxalate precipitation was called Process "B" 
(see Fig. 3 ) .  

After a few months, the purity level of the 
feed had increased to a level that permitted the 
omission of the ether extraction. Therefore the 
use of Process "B" was terminated and Process 
"e", consisting only of an oxalate precipitation 
of the plutonium, then became the only step in the 
purification process (see Fig. 4) . This process was 
sufficient for the nitrate feed received from Han
ford but was not sufficient for removal of im
purities from the recycle streams. After considera
tion of various separation methods, it was decided 
that some type of solvent extraction would be 
needed as part of the recovery process. Solvent 
extraction would allow many otherwise difficult 
separations and also provide a method for reduc
ing the plutonium confent of waste solutions to be
low the established discard level of 0.1 mg/liter. 
Solvents that were considered included Hexone, 
di-butyl carbitol, penta-ether, tri-n-butyl phos
phate, and thenoyl-tri-fluoroacetone. 

Solvent extraction experimentation was be
gun in December 1 947, looking first at thenoyl
tri-fluoroacetone (ITA) as a plutonium extract
ant. (107 ) By April 1 948, it became apparent that 
TT A would be most difficult to use with plant 
solutions. One of the many problems was the 
formation of the red solids when iron was present; 
these collected at the interface and interfered 
with phase separation. 

Since other methods appeared more promis
ing, such as ion-exchange and certain precipita
tions, work on solvent extraction was suspended 
until mid-1 950. A survey of the literature then 
available led to the selection of the tri-n-butyl 
phosphate system for recovery of plutonium from 
slag and crucible solutions. Using the procedure 
developed at ORNL, (108 ) experiments were made 
to determine the behavior of plutonium in the 
solutions obtained by dissolving reduction crucibles 
in HN03-Al (NOs) 3. These experiments showed 
that --' 95 % of the plutonium was extracted in 
the first equilibration. The next four extractions, 
using fresh solvent each time, removed an addi
tional 4.5 % .  leaving 0.5 % of the original a activity 
still in the effluent. Analytical data showed that 
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a large portion of the residual activity was due to 
americium. which experiments showed would ex
tract into the organic phasp with low ncifl-high 
sal t feed solutions. ( I on .  1 1 0 )  

8.9. 1 Packed Col umns 

Consideration of these data led to  the in
.; lal lation of 1 4-ft packed columns for the extrac
tion of plutonium from dissolved crucible solu
tions a t  high acid (5 to 6M HNO,, ) concentrations. 
This process. whose flow sheet is shown in Fig. 
GO. extracted > 98% of the plutonium and almost 
none of the americium. Solutions with high oxa
l a ic  or fluoride content could also be processed in 
these columns if Al (NO� ) :: was added. The com
plex of oxalate or fluoride with aluminum is 
s tronger than with plutonium. thus freeing the 
plutonium for complex formn tioll with the TBP. 

A schematic of the solvent extraction columns 
is shown in Fig. 61 . The columns were packed 
with stainless steel Raschig rings thnt were 0.5 in. 
o.d .. 0.46R in. i .d . .  and 0.3 in. long. The solutions 
were pumped through the columns with Milton
Roy piston pumps. The composition of n lypical 
feed solution is shown in Fig. 62. 

With a free acid concentration in the aqueous 

phase of 5 to 6M and flow rates of 1 7  gal./hr for 
the aqueous feed and 16 gal./hr for the solvent 
phase, the plutonium was routinely reduced to the 
milligram per liter range in the raffinate. 

The loaded solvent was pumped to the next 
column where the plutonium was stripped by a 
0.05M NH�OH-HNO:{-0 . 1M HN03 solution. Other 
methods of stripping the plutonium from the 
solvent were tried but were deemed unsatis
factory for this system for various reasons. A 
dilute acid (HNO:< ) solution would not remove 
enough plutonium during a single pass through 
this column. A solution such as 0. 1 5M NH20H
HNO,,-0.01 M  Fe�+-0 . 1M HNO:) efficiently 
stripped the plutonium from the solvent, but the 
iron created new problems during subsequent 
evaporation. Electrolytic stripping did not have 
the desired efficiency. A dilute oxalic acid solution 
effjciently removed the plutonium. but plutonium 
oxalate precipitated in the column. coating all sur
fnces. The removal of this precipitate was difficult 
and could have led to a nuclear excursion under 
certain conditions. Therefore, 0.05M NH20H· 
HNO,,-0. 1 M  HNO" was chosen as the routine 
st I'i p solution. 

This s trip  solution, a fter leaving the bottom 
of column number 2 (Fig. 61 ) ,  was pumped to 
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H + adjusted to 5 to 6 M 
cooled to room temperature 

1 7 gph I 

� 
Solvent Recycled ! Aqueous Solvent 

I S�vent , t IEXTRACTION COLUMN I ISTRIPPING CO L U M N  I I WA S HI N G  COLUMN I 
1 6  g p ht LJ L- �AqUeOUS 

I 
S OLVENT 

I 
EVAPORATION l 

15% TBP in Kerosene Effluent J Concentrate I gph 

Final Purification 
Botch Extraction -Discorded 

6gPh 1 
l STRIPPING SOWTION 

I dilute NH20 H .  HN03 

L.f KEROSENE DILUENT 

I 1 ( GULF BT l 

Fig. 60. Flow sheet for 'extraction of plutonium by trion-butyl phosphate using packed columns. 

70 



EXTRACTION 
COLUMN 

STRIPPING 
COLUMNS 

0.05 M NH20H • HN03" 0.1 M. H N03 Strip Soiu1ion 

14' 

0 w W ll.. 

FEED 
SCllJTION 

I-z w 
� 0 Cf) 
0 � <t 0 -1 

Stainless Steel 
Raschig Rings 

I-Z W 
� 0 Cf) 
0 w a.. 
Q, a:: I-Cf) 
� -1 <t 
f= a:: 
� 

Raffinate to 
Batch Extraction 

Stripped Solvent 

Stripped 
Solvent 
Recycled 

Strip 
Solution 

WASHING 
COLUMN 

Kerosene 

Kerosene 

Recylced 

Strip Solution 

Fig. 61 .  Solvent extraction system used from 1950 to 1 959. 

AVERAGE 
CONSTITUENT 

CONCENTRATION 

Mg 1 9 M  

Co 0.3 

Fe 0. 1 
A Q  0.3 

F 0.38 
I TRACE 

N 03 5 -6M 
P u  > 2 X I02g /L 

Fig. 62. Composition of typical feed solution for the 
solvent extraction system. 

the top of column number 3. Fresh kerosene was 
introduced at the bottom to scrub any traces of 
solvent that may have carried over from the strip 
column. After passing through this column. the 
aqueous strip was transferred to glass-lined 
evaporators for concentration. The concentrate 

from this process was purified in other smaller 
scale solvent extraction equipment which will be 
discussed later. 

8.9.2 Solve nt Pu rification 

The solvent that was used in the columns and 
il l the batch extraction systems was constantly 
being degraded by the high acid concentra tions 
and by radiation . The degradation products, 1110no
and di-butyl phosphate. were kerosene-soluble 
and formed such a tight complex with plutonium 
that the NHzOH-HNO, could not extract the plu
tonium from the organic phase. Therefore, as the 
concentration of these degradation products in
creased, the plutonium concentration of the sol 
ven t after stripping would increase and. as the 
plu tonium concentration of the solvent increased. 
it became more and more difficult to reduce the 
p lutonium concentration of the raffinate to the 
,Iesired milligram per liter level. To reduce the 
plu tonium content of the solvent phase. the mono
and eli-butyl phospha te contaminants would have 
to be removed. It was found that the degradation 

71  



products could be removed by extraction into a 
'2M NaOH phase where the plutonium would pre
cipitate as the hydroxide. By filtering the mixture 
( solids, aqueous phase, and organic phase) , the 
rhases could be separated and enough of the plu
tonium could be removed so that we could dis
card the aqueous phase; the organic phase, which 
was now essentially free of degradation products 
and plutonium. could be acidified and recycled . 

8.9.3 Batch Extraction System 

The raffinates, containing nearly equal 
amounts of plutonium and americium at the milli
gram per liter level, were transferred to another 
process where, after neutralization of most of the 
acid, they were equilibrated with fresh TBP on a 
butch basis until the total a activity ,;vas reduced 
to a value equivalent to no more than 1 X 1 0-4 g 
of plutonium per liter. The first extraction in this 
system was made in July 1 953.  Until then at
tempts had been made to use the cation-exchange 
method mentioned in Seci:�:m 8 .4. 

The equipment for the batch extraction sys
tem consisted of a large-diameter tank equipped 
with a stirrer for the equilibration and settling 
stages and large-diameter tanks for strip make-up 
<ll Id for holding raffinate. solvent, and strip solu
tions after phase separations had been completed. 
These are shown schematically in Fig. 63. The 
process consisted of putting 25 gal. of 35 % TBP-
65 % Gulf BT in the equilibration tank and adding 
75 gal. of column raffinate. This mixture was 
equilibrated for 5 min by the stirrer; the stirrer 
was then stopped and the phases were allowed to 
separate. The aqueous phase was then vvithdrawn 

H2 C204 . 2 H2O 

� 

to the raffinate holding tank. leaving the solvent 
in the equilibration tank. 

During the equilibration, 25 gal. of dilute 
( 0.01M) oxalic acid strip solution was prepared 
and, after the raffinate had been withdrawn, this 
solution was pulled into the equilibration tank to 
be mixed with the loaded solvent. After equilibra
tion and phase separation. the aqueous strip solu
tion was transferred to an evaporator for con
centration. The stripped solvent was then ready 
to receive another charge of raffinate for batch 
extraction of the plutonium and americium. 

Each raffinate was recycled until the
' 
alpha 

activity was reduced to an equivalent of 1 X 1 0-4 
g of plutonium per liter. So much americium was 
present in all of the raffinates that the extractions 
were carried out at a feed acidity of 0 . 1M H + to 
get the americium to extract. Even at high salt 
concentrations, the extraction of "Imericium and 
plutonium to the discard level of 1 0-4 gjliter re
quired many extractions. When large quantities 
of strong complexing agents such as oxalate, cit
rate. or phosphate were present. as many as 20 
extractions were necessary to reach the discard 
concent ration. 

Solutions with a high sulfate or phosphate 
content also required a large number of equilibra
tions before the plutonium could be extracted to a 
concentration equal to or less than the established 
discard level. The extraction performance was 
markedly improved when ferrous ammonium sul
fate was added until only Pu3 + was present and. 
at  the same time. adding AI (NOa ) 3  to complex 
the SO,2- and to increase salting strength of the 

Raffinate from 
Extraction columns 

STRIP EXTRACTION Recycled 
R AFFINATE 

MAKE UP TANK until RECEIVER 
-4 Pu < I O 9 /R. 

Strip 

EVAP ORATOR 

� Concentrate 

Extraction columns 

Fig. 63. Batch extraction system. 
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solution, and adding NaOH until the H+ had been 
reduced to <O.1M. (39 . 73) Many other methods 
were investigated, both on the laboratory and the 
pilot-plant scale, for the scavenging of plutonium 
from column raffinates. Mixer-settler columns, 
calcium oxalate carrier precipitations, ferric hy
droxide carrier precipitations, cation-exchange, 
anion-exchange, and other solvent extraction sys
tems were tried, but not until the discard level 
was raised to 1 X 1 ()3- g of plutonium per liter 
was it possible to successfully replace the batch 
extraction system with an anion-exchange column. 
Discussions of the various substitute systems are 
given in Sections 8 . 1 ,  8.4.2, 8.4.6, 8.5, 8.6, and 
8.9.4. 

8.9.4 Pump-Mix Trays and Mixer-Settler 
Columns 

The concentrated strip solution from the 
packed extraction columns required purification 
before it �as compatible with the peroxide pre
cipitation step in the metal preparation system. 
Several precipitation methods were investigated 
but none gave the degree of purification required. 
Thus, at first, the concentrated strip solution was 
purified by batch extraction of the plutonium 
with TBP. The equipment was simple in design 
and included the extractor shown in Fig. 64 and 

o 

Air M:.:.:ot.::.cor __ � 
1 200 RPM 

Gloss v:..::e=-sse:::...I_-1 

Withdrow"-"Q,-I _----,/ 
of Aqueous 

-----,!!!thdrowol of 
Loaded Solvent 

Fig. 64. Batch extractor for purifying concentrated 

column strip solutions. 

standard cylindrical stainless steel tanks for the 
various receiving and storing stages in the process. 
This operation was time-consuming as is evident 
from the many steps given in the flow sheet shown 
in Fig. 65. In 1 952, a 12-stage pump-mix unit 
similar to the two-stage unit shown in Fig. 66 
was put in operation, greatly increasing the pro
cessing rate in the purification of plutonium from 
the concentrated strip solution. The aqueous feed 
was fed to this unit at the rate of 9 liters/hr. 
Other operating conditions are shown in the flow 
sheet shown in Fig. 67. This unit was operated 
with fair efficiency until 1 955, when a continuing 
experimental program showed that greater ef
ficiency and a purer product could be obtained 
with a York-Scheibel column. A sketch of a typical 
column is shown in Fig. 68. The feed solutions 
were treated for stabilization of Pu4 + using the 
NH20H NaN02 method ·discussed in Section 8.3. 
With such treatment, overall distribution coef
ficients for plutonium of >20,000 were routinely 
obtained using the procedure shown in the flow 
sheet given in Fig. 69. The plutonium in feed 
solutions of 4M HNOa - 0.5M AI (NOa) a  was 
readily separated from impurities such as lantha
num, americium, iron, calcium, magnesium, and 
aluminum but not from elements such as zirconi
um, uranium, thorium, cerium, and bismuth. 
Since this column was used for the concentration 
of the plutonium in the strip solution from the 
packed columns, where considerable purification 
had already been accomplished, the decontamina
tion factors listed in Fig. 70 were acceptable. 

As more experience was gained in the opera
tion of these columns, it was found that any 
�olids present in the feed, or solids that might 
precipitate during extraction, such as Si02 when 
the acidity of the aqueous phase was being changed 
by the extraction of H+ by the TBP, would ac
cumulate in the packed screen section and event
ually block the column or cause poor phase sepa
ration. Once the solids lodged in the screened sec
tion, it was almost impossible to get them out. 
Therefore a new column design was sought. The 
experimental design and pilot plant work resulted 
in the column shown in Fig. 71 . This column, us
ing multi-layer Teflon settling areas instead of 
screens, was used for several years with TBP as 
the extractant for the purification of the plutoni
um in the concentrated strip solution from the 
packed columns. The operating conditions that 
were selected for normal operation are shown in 
the flow sheet in Fig. 69. Analytical data for the 
impurity content of a typical plutonium nitrate 
product are given in Fig. 72. 

The plutonium was stripped from the solvent 
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HOOD STILL PRODUCT 
4 liters 1 2 M  HN03 Pu I V  

i I WASH, 1 M  HN03 500 mi I I FILTER, Medium sintered glass J SILICA I 

{ 
FILTRATE AND WASH 
4.5 l iters \ I  M H N 0 3  

I 
SOLVENT, 30% T BP, 70 ':'. I i 
GULF BT, ( Kerosene ) I liter j F I RST EXTR ACTION 

�AqueauS COMBINED SOLVENT 30% 

I 
SOLVENT, 30 % TBP, 70 % I TBP, 70% GULF BT, (Kerosene) 

SECOND EXTRACTION 1 M  H N 0'3 ' 2 l i ters 
GULF BT, ( Kerosene ) t liter I 

j Aqueous iS Olvent 

� I BATCH EXTRACTOR l 
J J I 

FIRST S TRIPPING 

i I Raffinate, 8 M HN03 4.5 liters I !Salvent 
COMBINED STRIPPING SOLUTION, I Dls solvel 2 . 2  l iters, 0.5 M  H N 03 , 0.1 M SECOND STRIPPING I make up 
NH2 0H ' HN03 , 0. 4 M NH4N03 i Solvent 

{ ---{ THIRD THROUGH TENTH STRIPPING i 
I 1 6  M H N 03 100 mJL I HEAT LAMP at 70· C, NH2 OH I J Destroyed 

t STRIPPED SOLVENT 30% TBP, 
70 % GULF B T, (Kerosene) 

ACIDIFIED PRODUCT, I M HN03 , 
0 . 4 M  NH4NO" 2 .3 l iters 

t 
EVAPORATION, Heat lamp, 70·C.  

� 
I 

CONCENTRATED PRODUCT, 300 
rAA, 7 M HN03, 7 M N H4N03 I 

Fig. 65. Flow �beet of process used in 1950 a nd 1951 for concentration of column product. 

STRIPPING SOLUTION, 4 M 
NH40H , 0. 1 M NH20H . H N03 
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STRIPPING SOLUTION, O.IM 
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STRIPPING SOLUTION, 0.1 M 
NH20H . HN03 each 200rn12. 



Solvent 
,---

sOlvellLi 
Inlet 

Aqueous Inlet f� 
Stage 2 Settling Chamber 

Stirrer U,,-,ni"--t __ ---" 

SOLVENT 

Drive Shaft 

Cover for Mixing Chamber 

/-.0,",,,," ","" .. , ,,�;". 

Mixing Chamber for 

Stage 2 

Solvent Outlet to 
next Mixing 

Chamber 

I Mixing Chamber -+\l,\--------'<------,,.'--- __________ � � _.- Settling Chamber 
for Stage I . \ \ / 

Mixed Aqueous and S� �fles to Improve Phose Separation 

to Settling Chamber 

Fig. 66. Two-stage pump-mix unit. 

F E ED 
Vol = 7 2 .il 
Pu = 5 g/.Q 

HN03 = 5 M  
O I M H N03 

35 % T B P  in  Kerosene 5,5 .Q /hr 
9 .Q Ihr 

41/hr Solvent STRIPPING 
I PUMP MIX UNIT UNIT 

Raffinate 
Pu = O. 07 g/L 

Recycled 

Aqueous 

Evaporated to yield 
nitrate product for 
Metal Preparation line 

I Solvent 

Rec 

t 
ycled 

Fig. 67. Flow sheet for pump-mix solvent extraction unit used in 1 952- 1 955. 

with NH20H·HNO". At the flow rates shown for 
solvent and strip solution, the strip solution con
tained from 1 0 to 20g of plutonium per liter as it  
was leaving the column. This solution was too di
lute to serve as feed for the metal preparation sys
tem ; hence, the plutonium was concentrated by 
the precipitation of the trivalent oxalate. Aftel' 
filtering. washing. and air-drying for 30 min. the 
cake was transferred to a pot furnace where the 

p lutonium was converted to oxide by heating in a 
stream of air at 500°C for several hours. The re
sulting oxide was dissolved in 1 0M HNO,,-O.05M 
HF to form a concentrated feed. ,....,400 g of plu
tonium in 900 ml of solution, for the metal prepa
ration system. This method had the advantage of 
giving an additional purification, especially from 
iron and aluminum, whereas evaporation of the 
strip solution would merely concentrate the 1m-
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Mixing Section 
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Perforated Stalnless Steel 
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Glove Box Floor 
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Aqueous Outlet 
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Fig. 68. York Scheibel mixer-settler extraction column. 
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F EED 
H +  '" 5 M 
Pu '" 3 6 0 g 

0. 2 M NH20H · HN03 
Strip Solution 

I 
SOLV ENT S.Q/hr 

3 5 %  T B P  in Kerosene 4i!/hr Solvent 

I 

Solvent 
I t 

4 ,Q / hr I E XTRACTION COLUMN STRIPPING 
Stirrers at 600 R P M  COLUMN Recy cled 

Raffinate -2 Stirrers at 650 R PM 
P u =  2XI0 g /..e j Aqueous 

Recycled 1���iOO 
To Oxalate precipitation 

Fig. 69. Flow sheet for m ixer_settler column. 

ELEMENT 

Ni 

Fe 

Cu 

Cr 

Ce 
T h  

Zr 

U 

DECONTAMINATION 

FACTOR 

> 5  X 104 

7 X I04 
> 5  X I03 

6 X  104 
6 X I03 

3.2 
3 9  

0_ 6 

separation of plutonium and zirconium. He found 
that Amberlite LA-1 was satisfactory for the 
separation and that by adding 1 0% n-decyl alcohol 
this secondary amine could be used to extract the 
plutonium from concentrated solutions without 
fear of third-phase formation. This method was 
used for several years for the plutonium-zirconium 
separation. being replaced only when the ion-ex
change technology had advanced to the state where 
an ion-exchange resin under proper conditions 
wOll l rl give the desired product purity. 

Other solvents have been used. such CIS 
t henoyl tri-fluoroacetone. but none seemed to 
offer the process conditions that were deemed de
s irable for processing plutonium at Los Alamos. 

Fig. 70. Decontamination factors obtained upon ex-
traction of plutonium in six-stage mixer-set- 8.9.6 Solution Storage 
tier column. 

puri t ies. The solvent was rccycled in this system 
with periodic NaOH scrubs to remove any dis
solved degradation products. 

8.9.5 Other Solve nts 

Plan I. systems using TBP as extractant were 
usually unable to give complete separation of plu
tonium and all other elements. One of the ele
ments that tended to follow along with the plu
tonium was zirconium. Other extractants. such as 
tri-n-octylamine, Primene JMT, Arme�n 2-1 2. 
9D- 1 78, tri-Iauryl amine, and Amberlite LA-1 , 
were investigated by Winchester( I l l .  1 1 2 )  for the 

Tn all of the processes discussed in this re
port .  the solutions are t reated in 6-in.-diam glass 
tanks and stored in 6-in . -diam stainless steel tanks 
as shown in Figs. 73 and 74. respectively. The 
stainless steel tanks are standard 6 in .. IPS type 
304. schedule 1 0  pipe equipped with see-through 
sight pads on each end of the horizontal tanks and 
on the sides of the vertically mounted tanks. Thesc 
tClnks in our installation are geometrically favor
able to >500 g plutonium per liter. ( 113) The mOve
men t of any plutonium material is documented on 
" computer program thM gives the location. vol
ume or bulk weight. the plutonium content, the 
type of  material. and the location for each con
tainer or batch of material in the plant. ( 1 1 4 )  

77 



78 

Solveni Oullel 

Any desired Number of 
Sections can be Added 

Solvenl Inlel 

Teflon Bearing 

Connecl", to Flexible Shaft 
to Drive Motor 

AqUeOU�� 
-

--=� 3' Dia. Flanged 
Glass Pipe 0 0 0 0 0 0 0 0 0 0 0 

00 0 0 0 00 
0 000 0  
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Fig. 7 1 .  M ixer-setHer column with Teflon disks in settling sections. 

CONCENTRATION 
ELMENT in P Pm, 

based on Pu 
Be < 0. 1 
Mg < 1 0 
A R- 160 
Si  < 1 0 
Ca 2 5 0  
C r  2 5  
M n  2 
Fe 6 0  
Co < 1 0  
Cu 2 0  
Ni  3 0  
Zn < 1 0 
Zr < 1 5  

M o  < 25 
Ru < 25 
Sn 1 0  
La < 1 5  
Ce <: 100 
Pb 2 
Bi 2 5  
A m  4 

Fig. 72 Average concentration of impurities in the 
final nitrate product. 



Fig. 73. View of current feed treating tank. 
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Fig. 74. View of typical solution storage tanks. 
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